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Abstract
Self-assembling micron-scale structures based on standard photolithographic and thin
film deposition techniques are investigated. Differences in residual stress between suc-
cessive thin film layers causes the structures to roll up when an underlying sacrificial
layer is removed. The primary structure of interest was a swiss-roll structure com-
prised of alternating layers of metal and insulator so that the self-assembled system
forms an RCL electrical circuit with a well-defined resonant frequency. So-called
nanoscroll structures, comprised of two swiss-rolls attached at a common end, were
the most commonly observed fabrication result and are expected to have electrical
properties very similar to swiss rolls. It has been predicted that such electrical prop-
erties lead to a negative effective magnetic permeability for a narrow frequency band,
potentially in the far infrared region. These structures thus can contribute a vital
component (peff < 0) necessary for developing a LHM (left-handed material). Many
successful materials combinations have been demonstrated. The layers in the recom-
mended system are (from the bottom up) silicon dioxide, chrome, gold, and chrome.
The smallest rollup diameter was achieved for a system of nickel on silicon dioxide and
was measured to be 2 pm. Processing conditions such as film thickness and releasing
etchant were also optimized. The mechanical behavior of the films was modeled using
standard beam theory modified for application to thin films and predicted stresses
that are comparable to those found in literature. Other applications for these rollup
structures were considered, including a high-speed switching polarizer. Fold-up struc-
tures that self-assemble into origami-like shapes due to the same basic principles were
also fabricated, though an application for them was not identified.
Thesis Supervisor: Gang Chen
Title: Professor
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Chapter 1
Introduction
The focus of this study was to develop a fabrication process for self-assembling struc-
tures with extraordinary electromagnetic properties. The targeted structures are
referred to as "swiss rolls" or "rollups" and consist of composite tubular structures
formed by rolling up stacked layers of insulator and metal films. This arrangement
gives the structures a capacitance and an inductance, the combination of which de-
termines a resonant frequency. Due to the small length scale of the structures, they
can interact with radiation near their resonance frequencies according to effective
medium theory. This provides an exciting opportunity to pursue a class of metama-
terials known as left-handed materials (LHMs). Some possible applications for such
materials include superior lenses and waveguides.
The following sections include further discussion of metamaterials and effective
medium theory, LHM theory, LHM structures, and fabrication techniques for rollup
structures. Also, an overview describing the content of the chapters that follow is
given.
1.1 Metamaterials and Effective Medium Theory
A film of rollup structures constitutes a new class of system collectively referred to
as metamaterials. A metamaterial is a composite system with internal structure that
brings about certain extraordinary properties virtually non-existent in nature [1]. For
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the film of rollup structures, the extraordinary property is negative permeability for a
narrow electromagnetic frequency band. Effective medium theory is used to determine
the aggregate properties of a metamaterial based on the small-scale inhomogeneities
of the system. For example, effective medium theory was applied by Sievenpiper et
al [2] to study the transmission properties of 3-D wire meshes. They showed that
the transmission spectrum of the wire mesh is sensitive to defects in the electrical
continuity of the mesh only when the spacing between the wires (a) is small with
respect to the radiation wavelength (A). This demonstrates the effective medium
limit, a < A, which indicates that the characteristic length of the structure must
be less than the radiation wavelength. For the case of the rollup structures, this
implies that the rollup diameter (R) must be much less than the radiation wavelength,
R < A. Consequently, the radiation frequencies with which the rollup structures can
be expected to interact is limited to the far-infrared range (10 - 200 Pm) for rollup
diameters on the order of 1 pm.
1.2 LHM Theory
A LHM is a material with a negative index of refraction. The concept of LHMs was
originally studied by Veselago in 1968 [3] and has more recently been studied by John
Pendry [4] and others [5], [6]. They argue that for certain special materials properties
not (yet) found in nature, the index of refraction of a medium can become negative,
giving the material exceptional optical properties. For instance, the phase velocity
will be opposite the group velocity in a LHM so that energy is transported opposite
the propagation direction [7], [8]. The index of refraction is given by,
n = (1.1)
where c and p are the permittivity and permeability of the medium, respectively, and
60 and p1 are the corresponding free space values. The special material properties
required for a LHM are negative permittivity (E < 0) and negativity permeability
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(p < 0). Such materials still must satisfy the Maxwell equations and cannot vio-
late causality requirements concerning energy transport. Consequently, the negative
square root solution must be chosen for the index of refraction in Eq. 1.1 so that
c < 0 and p < 0 implies n < 0. One of the exceptional properties of LHMs is that a
flat slab of such a material can have a focusing effect. This arises from the fact that
the direction of the wave transmitted into the LHM forms a negative angle with the
normal, in accordance with Snell's law since the index of refraction of the LHM is
also negative. Pendry further asserts that a LHM with no absorption could be used
to construct a "perfect lens" which overcomes the diffraction limit that constrains
conventional lenses. This is attributed to the fact that the LHM restores the phase
of the propagating waves as well as the amplitude of the evanescent waves [4].
1.3 LHM Structures
Some experiments have demonstrated materials with a negative index of refraction
(LHMs) for microwave frequencies using "split ring" structures. Also, the swiss roll
structures explored in this study are intended to contribute negative magnetic per-
meability to a LHM for infrared frequencies. These two structures are depicted in
Fig. 1-1 and will be briefly described in the sections below.
1.3.1 Split Ring Structures
A split ring structure like that shown in Fig. 1-la is designed to have a capacitance and
an inductance so that it will interact with radiation of frequencies close to its resonant
frequency. According to detailed analysis [9], these structures have very favorable
properties for achieving negative permeability when the magnetic field vector of the
incident radiation passes through the rings. Thus, a planar array of these structures
will produce anisotropic effects, with p < 0 only when the direction of propagation
is in the plane of the array. To create a medium with isotropic permeability, Pendry
et al suggest that the split ring structures be repeated in a 3-D array with periodic
instances of the structure along each of the three principle axes.
19
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(a) (b)
Figure 1-1: Two designs for achieving negative permeability. (a) Split ring resonator.
(b) Swiss roll (rollup) structure.
Shelby et al [5] fabricated a system of split ring structures to test the concept of
LHMs. Copper split ring structures were printed on circuit boards that were arranged
into an interlocking lattice with unit cell dimension of 5 mm. This comprised a 3-
D array of split ring structures that included two perpendicular orientations of the
structures. The circuit boards also had long vertical copper lines printed on the face
opposite the split rings to achieve negative permittivity. The index of refraction of
this system was measured for frequencies ranging from 8 to 12 GHz and with electric
field polarization along the vertical lines. Negative refractive index was observed
between 10 and 11 GHz, with the minimum recorded value being n = -3. This was
an important, encouraging contribution to our understanding of LHMs.
1.3.2 Swiss Roll Structures
A second design for a structure that will interact with radiation near a given reso-
nance frequency is the swiss roll (or rollup) structure depicted in Fig. 1-lb. Pendry
et al [9] analyzed this system as well and found that it should also be capable of
achieving negative permeability. As before, the magnetic field of the incident radia-
tion must be oriented along the axis of the cylinder. Thus, a 2-D aligned arrangement
of swiss rolls could be used to produce an effective medium with anisotropic perme-
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ability, where the permeability is negative along one direction. Moreover, a randomn
3-D arrangement may achieve isotropic permeability so that the permeability is ne,,-
ative in all directions. Such arrangements have been fabricated in this study, though
negative permeability has not yet been demonstrated. The next section discusses two
techniques that have been used to fabricate such structures.
1.4 Fabricating Rollup Structures
One way to fabricate the swiss roll structures analyzed by Pendry is to deposit stressed
films that will self-assemble into rollup structures when released from the substrate.
Other researchers have fabricated such structures in past studies using molecular
beam epitaxy (MBE) for film deposition, where intrinsic stresses in the films arise
from lattice mismatch strain. Since the structures fabricated in these studies were not
intended for developing a LHM, they typically were fabricated from semiconductors
instead of an insulator and a metal. Another possibility for fabricating stressed films
is to use less costly techniques such as e-beam evaporation or sputtering. In this case,
the stresses in the films arise from intrinsic fabrication stresses rather than lattice
mismatch. These two possibilities are discussed in greater detail below.
1.4.1 Lattice Mismatch Strain
MBE can be used to deposit single crystal films as thin as one atomic layer. When
films with different lattice constants are deposited on top of one another, the films
become strained in the vicinity of the interface due to lattice mismatch. The film with
the larger lattice constant will experience compressive strain as the spacing between
the atoms is squeezed smaller to approach that of the other film. Conversely, the film
with smaller lattice constant will be in tensile strain.
A bilayer film of materials with different strains will have non-zero moment that
tends to roll-up the film. This has been used by researchers in past studies to pro-
duce self-assembling structures such as nanotubes, nanohelicies, microrings, nanorods,
nanopipelines, and nanoscrolls. In 2000, Prinz et al [10] fabricated nanotubes with
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diameters ranging from 4 pin to 4nm by depositing monolayers of GaAs on InAs
using MBE. The bilayer film was debonded from the InP substrate by etching an
underlying layer of AlAs in HF (hydrofluoric acid). By completely debonding these
structures from the substrate. they produced nanoscroll structures. Also, they found
that the films tend to roll-up along the [0 1 0] direction due to anisotropy of the
Young's modulus. Based on this observation, they misaligned the rollup strips rel-
ative to the crystal plane of preferred rolling direction to produce nanohelicies and
microrings. Nanohelicies are formed when the strip is at a small angle relative to the
preferred rolling direction, while microrings are formed when the strip is parallel to
the preferred rolling direction.
More recently, Schmidt et al [11], [12] produced nanotubes and nanorings using
the same general techniques with films of SiGe. The lattice constant of adjacent
layers was controlled by adjusting the relative amounts of silicon and germanium in
the layers. The bilayer films were released from the silicon substrate by etching an
underlying layer of germanium with a solution of hydrogen peroxide. The average
diameter of the nanotubes was 170 nm, and that of the nanorings was about 1 pm.
Slightly larger nanotubes were also produced (~ 310 nm diameter) that incorporate
a metal (titanium) and an insulator (Si0 2) into the structure. Note that all layer
thicknesses are on the order of 1 to 4 nm. Finally, nanopipelines were fabricated
by releasing an unstressed film from the substrate and folding it back against the
substrate so that the pipeline is formed by the crease.
Similar structures were produced by Schmidt et al [13], [14] with bilayer films of
AlGaAs and GaAs. The bilayer film is released from the GaAs substrate by etching
an underlying layer of AlAs with HF. Some of the nanotubes they produced had as
many as 30 rotations. One film of less than 6 atomic layers in thickness formed a
structure the authors refer to as a nanorod due to its small inner diameter (15 nm)
and large wall thickness (53 nm).
The disadvantage of MBE is that it is costly and not available to all researchers. A
less costly alternative for depositing thin films would thus be more ideal for research
and large-scale production of such devices. The following section will discuss one
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possible solution using standard microfabrication technology.
1.4.2 Intrinsic Fabrication Stress
Some common microfabrication processes for thin film deposition naturally result
in intrinsic fabrication stresses in the deposited films. Two examples are e-beam
evaporation and sputtering. While the intrinsic stresses that develop in sputtered
films is explained as being due to the incorporation of impurities in the film, the origin
of the intrinsic stresses in evaporated films is not well-understood. Seven different
possible models for explaining these stresses are listed in [15]. These models are (1)
thermal, (2) imperfection, (3) density, (4) grain boundary, (5) electrostatic, (6) surface
tension, and (7) interfacial (see [15] for more details). By studying the stresses that
develop in different films, one could potentially design a composite film that will have
non-zero net moment. These films should then behave similarly to those deposited by
MBE, except that the films will be amorphous so that no anisotropic rollup behavior is
expected. The possibility of fabricating rollups based on intrinsic fabrication stresses
was the subject of this study. The details of the fabrication processes and results are
given in Chapter 3.
1.5 Overview
In Chapter 2, the mechanical model used to predict the behavior of the rollup struc-
tures will be discussed. The model is based on elastic beam theory and allows one
to predict the rollup diameter of the structures given the thicknesses, elastic moduli,
and residual stresses of the constituent films. The evolution of the fabrication pro-
cesses used to make the rollup structures is detailed in Chapter 3. This development
consisted of an iterative process of materials selection, mask design, and evaluation
of the results using a light microscope and/or SEM. Chapter 4 explains the modeling
techniques used to gain insight to the electrical behavior of the rollup structures in
response to incident electromagnetic radiation. Finally, Chapter 5 gives concluding
remarks on the results of this study and suggestions for future work.
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Chapter 2
Mechanical Modeling
Before fabrication could be attempted for this study, it was necessary to perform me-
chanical modeling of the rollups to determine what techniques (if any) would produce
rollups of sufficiently small diameter. Also, the modeling was intended to serve as
a guide for optimizing process parameters to achieve the best structures for a given
fabrication process.
In this chapter, the behavior of the rollups will first be discussed qualitatively
by comparison to a system that may be easier for the reader to envision - heated
bimetal strips. Second, different possible mechanisms for producing rollup behavior
are discussed. Next, calculations related to the rollup diameter of the structures are
derived and compared to those of another study. Then, specific values for expected
rollup diameters in this study are given. Finally, the energies associated with surface
tension and rollup self-assembly are compared as a check that the fabrication of rollups
is feasible.
2.1 Qualitative Overview
The rollup structures fabricated for this study self-assemble by curling in response to
internal stresses. A similar physical phenomenon occurs in bimetal strips (commonly
used in thermostats) when heated. As a qualitative overview of the curling behavior
of such systems, the mechanics of heated bimetal strips will be considered below. The
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(a) (b)
Figure 2-1: (a) Expansion of different metals when heated (dashed lines represent
expansion). (b) Bending of bimetal strip when heated.
essential differences in the behavior of the rollups relative to that of the bimetal strips
will then be briefly discussed.
2.1.1 Similar System: Bimetal Strips
A bimetal strip is comprised of two different metal strips bonded together, where
the metals are chosen so that they have significantly different coefficients of thermal
expansion. As depicted in Fig. 2-1a, the individual metal strips will elongate by
different amounts when heated. When these two metals are bonded together to form
a bimetal strip and then heated as in Fig. 2-1b, the difference in their thermal strains
serves as the source of the bending moment.
It is assumed for this analysis that the upper and lower metals in the bimetal
strip have the same thickness and the same Young's modulus. In this case, equal
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(a) (b)
Figure 2-2: (a) Bimetal strip with ends attached to two rigid walls. (b) Corresponding
stress distribution when heated.
changes in the stain distributions of the metals will result in equal changes in their
stress distributions. For cases where the Young's moduli are different, the ratio of the
metal thicknesses should be adjusted so that the stiffer metal is thinner. When this
ratio is properly adjusted, it is shown in Section 2.3 that such a strip will have the
same response (as measured by the radius of curvature) to a given thermal strain as
the strip considered here. (Specifically, Eq. 2.38 shows that the radius of curvature
depends only on the total thickness and the total strain of the system.)
As shown in Fig. 2-1b, heating the bimetal strip will bend it in the direction of
the metal with lower thermal expansion. Let us examine how the stress distribution
across the strip develops as it is heated. If the bonded bimetal strip is constrained by
attaching its ends to two rigid walls as in Fig. 2-2a, heating the strip would result in
the stress distribution shown in Fig. 2-2b. The lower metal has greater compressive
stress since it would have expanded more if unconstrained as in Fig. 2-la.
Consider now the case where the rigid constraint on the right is relaxed so that
the strip can expand freely along a straight line in the axial direction as in Fig. 2-3a.
Heating the strip would then cause the strip to elongate until the net axial force is
zero. The resulting stress distribution can best be understood in two steps. First,
the strip will elongate enough to eliminate the thermal stress in the upper metal as
in Fig. 2-3b. The stress in the lower metal will be reduced by the same amount since
the strip is not allowed to bend. At this point, the upper metal will be in a state
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(a) (b) (c)
Figure 2-3: (a) Bimetal strip constrained to 1-D axial motion. (b) Intermediate stress
distribution in heated strip when stress in upper metal is relaxed out. (c) Final stress
distribution in heated strip.
of zero stress and the lower metal will have a reduced amount of compressive stress.
Second, the strip will expand further since the remaining compressive stress in the
lower metal results in a net axial force that tends to stretch the strip. Stretching the
upper metal beyond the zero stress state will necessarily result in tensile stress. The
magnitude of the discontinuous jump in stress across the interface will be maintained
as the compressive stress of the lower metal is transferred to tensile stress in the upper
metal. The magnitude of the stress will be relatively constant across the upper metal
and the lower metal since the metal films are so thin. (Note that thicker films would
have reduced stress at the free surfaces, so the stress profile would be tapered.) After
the strip has elongated sufficiently, the tensile stress in the upper metal will balance
the compressive stress in the lower metal and the strip will be in equilibrium.
Finally, consider the case where all constraints on the right side of the strip are
released so that it is free to curl or roll-up" as in Fig. 2-1b. In this case, stresses
above the neutral axis will become more compressive (less tensile), in proportion to
distance from the neutral axis. The opposite is true for stresses below the neutral
axis. Fig. 2-4 illustrates qualitatively how stresses due to axial expansion (Fig. 2-4a)
and stresses due to bending (Fig. 2-4b) sum to give the final stress distribution across
the strip (Fig. 2-4c). Note that when drawn to scale, the final stress distribution by
necessity has zero net moment and zero net force.
The response of the bimetal strip to a given temperature change will be propor-
tional to the bending moment acting on the strip. The pure elongation depicted in
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(a) (b) (c)
Figure 2-4: Stress distribution for bending of heated bimetal strip as depicted in Fig.
2-1b. (a) Stress distribution due to axial elongation (as in Fig. 2-3). (b) Stress
distribution due to upward bending. (c) Total (summed) stress distribution.
Fig. 2-3b contributes nothing to this bending moment and will reduce the remaining
compressive stress in the lower metal that contributes to bending. Therefore, when
the top metal has large compressive stress, the pure elongation is large and the overall
deflection of the strip is reduced. The deflection of the strip is maximized when the
top metal has minimal compressive thermal strain and the bottom metal has large
compressive thermal strain. Consequently, the response of the strip is proportional
to the difference between the thermal expansion coefficients of the two metals.
2.1.2 Behavior of Rollups
The target structures for this study should behave like the bimetal strip described
in Section 2.1.1, with several differences. First, the magnitude of the response of the
structures must be orders of magnitude larger. Unlike the bimetal strip which is only
designed to produce an observable deflection, the structures must roll-up through one
or more full rotations. This requires large moments and high stresses. Second, the
structures will be more like plates than strips before they roll-up, so stresses in the
direction perpendicular to curling must be taken into account. Third, the stresses in
the structures may have origin other than thermal strain, so stresses in the constituent
layers could conceivably be tensile or compressive.
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2.2 Mechanisms for Developing Stress
Three main mechanisms for developing internal stresses were considered for this study.
These are thermal expansion, lattice mismatch, and intrinsic fabrication stress. Let
us consider each of these separately in terms of viability.
2.2.1 Thermal Expansion
One advantage of thermal expansion is that no special equipment is required for
heating a sample (unlike MBE). Some limitations are that the structures will most
likely need to be released from the substrate before heating and some irreversibility
needs to be incorporated into the process so that the structures do not simply unroll
after they have self-assembled into rollups. Additionally, strains of the required order
of magnitude may be difficult to achieve. Typical thermal expansion coefficients
range from 10-6 to 30 x 10- 6/'C, and the maximum change in temperature allowable
is limited by the melting and oxidation temperatures of the materials in question. In
general, metals with high thermal expansion coefficients (such as aluminum) will start
becoming "soft" around 400 'C or less. This gives a maximum differential thermal
strain of:
AEth = AaAT _ 30 x 10--6 oC' - 4000 C '- 0.01 (2.1)
This turns out to be smaller than typical fabrication strains by a factor of three or
more. Furthermore, this estimate may be too optimistic since most metals would
oxidize at much lower temperatures (~ 200 C) unless heated in an oxygen-free envi-
ronment.
2.2.2 Lattice Mismatch
Molecular beam epitaxy (MBE) can be used to deposit films as thin as a single atomic
layer. Moreover, such films will have nearly perfect crystal structure so that adjoining
films with different lattice constants will experience a well-defined strain due to lattice
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mismatch. The strain in the plane of the film is approximated by.
a . 1 (2.2)
aepi
where a, = lattice constant of the substrate and ac,4 = lattice constant of the epitaxial
layer on the substrate. As an example, an epitaxial layer of germanium (aepi = 0.566)
on a silicon substrate (a. = 0.543) will give a strain magnitude of about 4%.
Existing studies on nanotubes, nanorods, and nanoscrolls were discussed in Chap-
ter 1. The main disadvantage is the costly operation of specialized equipment re-
quired for MBE. For this reason, an alternative method was sought for producing
rollup structures in this study.
2.2.3 Intrinsic Fabrication Stress
A third possibility is to use the intrinsic stresses that result from fabrication processes
to provide the required forces for roll-up behavior. For most microfabrication work,
residual deposition stresses are an unwelcome challenge. For instance, a circuit design
may fail when a metal lead cracks at a critical junction due to excessive residual
stresses originating from fabrication processes. For this study, however, the residual
deposition stresses provide an opportunity rather than a challenge. Some examples
of fabrication processes that result in residual stresses are thermal growth of silicon
dioxide on a silicon wafer, thermal growth of silicon nitride, sputtering, and e-beam
evaporation.
2.3 Calculation of Radius of Curvature
For this study, the main parameter of interest is the radius of curvature of the rollup
structures, or alternatively the rollup diameter. The goal is to make this parameter
as small as possible (preferably in the micron or sub-micron range). The equations
that follow serve as a guide for engineering the structure to meet this goal. A long
slender beam is considered first, then the analysis is extended to thin plates (or films)
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dx x P
Figure 2-5: Long slender beam subject to pure bending moment M. Symbols and
sign convention defined implicitly.
and to films with multiple layers of different materials.
2.3.1 Elastic Beam Theory
Consider a long slender beam subjected to a bending moment as in Fig. 2-5, where the
variables used below are defined implicitly. Since the beam is slender, it is reasonable
to assume that the stress in the transverse direction is zero since negligible resistance
to Poisson contraction arises. The x-component of strain is defined as the fractional
change in length per original length,
Ex (2.3)L
The initial and final lengths (i.e., the lengths before and after bending, respectively)
at the vertical coordinate z are given by,
Li = (p - z)O (2.4)
Lf = pO (2.5)
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Using dL = Lf - Li and substituting into equation (2.3), we find,
Ex = (2.6)
p
The maximum value of the strain will occur at the greatest distance from the neutral
axis so that,
Emax - Zmax (2.7)
p
where Zmax is the vertical thickness of the beam. Substituting equation(2.6) and
equation(2.7) into Hooke's law, ax = cx - E, to eliminate cx and p, one obtains,
z z
o-X Ecmax = - -max (2.8)
Zmax Zmax
where o-x = x-component of stress and Umax = maximum stress magnitude. Thus, the
stress distribution is linear in distance from the neutral axis. The bending moment
is calculated as,
M = Jz-Xd A
M = -7max f z 2 dA (2.9)
ZmaxJ
Since the moment of inertia is given by I = f z 2dA, and o-max/zmax = E/p (from Eq.
2.7 and Eq. 2.8), one finds the radius of curvature can be expressed in terms of the
modulus of elasticity E, the moment of inertia I, and the bending moment M [16]:
EI
p = E(2.10)M
Now consider the case where the beam has a constant uniform tensile stress above
the neutral axis and a constant uniform compressive stress of equal magnitude below
the neutral axis as shown in Fig. 2-6a. This is just the superposition of a linear stress
distribution (Fig. 2-6b) and a stress distribution with zero moment and zero axial
force (Fig. 2-6c). The linear stress distribution is the sole contributor to the bending
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(a) (b) (c)
Figure 2-6: Stress distributions in long slender rod shown in Fig. 2-5. (a) Initial stress
distribution applied to rod. (b) Linear stress distribution that will be completely
relaxed during bending of the rod. (c) Stress distribution remaining after bending.
moment, and the remainder of the sum is the final equilibrium stress distribution that
is left after bending. The total moment represented by the linear stress distribution
must account for (i.e., must exactly equal) the total moment of the constant magni-
tude stress distribution. Therefore, it is legitimate to use the moment of the constant
magnitude stress distribution in Eq. 2.10, although a linear stress distribution was
assumed in deriving this equation.
2.3.2 Modification for Thin Plates
The theory discussed in Section 2.2.1 assumed a long and slender beam. For the
case of a thin plate, one can no longer neglect the stress in the transverse direction.
Assuming the plate rolls-up in one direction only (about the z-axis), it is reasonable
to approximate the transverse strain as zero in this case. This makes the problem a
case of biaxial loading so that:
Ex - -V (2.11)
E E
o-y o-xE =-Y - Vi- (2.12)
E E
where v = Poission's ratio. Setting Eq. 2.12 equal to zero to apply the zero transverse
strain condition, one finds ay = vow. Substituting this into Eq. 2.11, one obtains
[161,
( 1 = 2)x = Epcx (2.13)
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Figure 2-7: (a) Cross-section of two-layer system with variables implicitly defined.
(b) Transformed section with constant Young's modulus Ei.
where the plate modulus, Ep, is implicitly defined. The radius of curvature of a plate
subjected to a pure bending moment is obtained by substituting the plate modulus
in for Young's modulus in Eq. 2.10 to obtain:
p = (2.14)
M
2.3.3 Two-layer system
In this section, a two-layer system will be considered as depicted in Fig. 2-7a. The
objective of the calculations to follow is to minimize the radius of curvature of the
rollup structures by selecting the optimum thicknesses for the films given their resid-
ual stresses, their elastic moduli, and the total thickness of the film. For the two-layer
case, a simple analytical solution exists for the optimum film thicknesses by minimiz-
ing the radius of curvature as specified in Eq. 2.14. The derivation of this solution
follows.
First, an expression for the distance (d) from the bottom of the system to the
neutral axis (the line along which the material has zero stress) will be derived from
the equation for the centroid. The transformed section of constant Young's modulus
shown in Fig. 2-7b must be used here since the original section is not of constant
Young's modulus [17]. Note that the dimensionless parameter -y = E2/E 1 is defined
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in Fig. 2-7b. The vertical distance to the centroid is calculated as,
y A= - E Ajyj (2.15)
1 Ft-
WtYd = Wtj + -YWtm t + " (2.16)
wtj + 'YWtm _ 2 2
where A = cross-sectional area and the distance "y" in the generic formula for a
centroid (Eq. 2.15) is measured positive upward from the bottom of the system.
Now we define the dimensionless variables r1 - tm/ti and a - d/tj - 1. The first
variable (7) must lie in the range (0, oo), and the second (a) must lie in (-1, oc).
Note that a specifies the distance between the neutral axis and the interface between
the films as a fraction of the thickness of the lower film. Intuitively, the neutral
axis should lie exactly at the interface between the two films so that a = 0. If the
neutral axis were higher, the portion of the upper film below the neutral axis would
be compressed during roll-up. This is unfavorable since the stress in the upper film
is already compressive relative to that of the lower film so that the internal stresses
in that portion of the film would contribute a moment opposite the roll-up direction.
Similar opposing moments result if the neutral axis is below the interface. This
result will be obtained mathematically by minimizing the expression for the radius of
curvature with respect to the dimensionless variables a, r7 and -y.
Changing variables to 17 and a in Equation 2.14 and solving for a, we obtain:
I - 1 (2.17)
2(1 + -yr)
Second, referring to Fig. 2-7b, the moment of inertia is determined as,
I = ( bh + Ad2 (2.18)
131-
W t 3 + i (d- ) 2 + I-wtm (d -tj tin)2 (2.19)
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Changing variables to q and c in Equation 2.17 we find,
I= wt + a + + +y- (cv- )2 (2.20)
Third, the bending moment is calculated as the sum of the products of the internal
stress times the area times the moment arm (s):
M = EoAs (2.21)
M = -U- 2wti d - + UmWt( tj + - d (2.22)
Note that the stresses o-i and -m represent the internal stresses in the lower (insula-
tor) film and the upper (metal) film, respectively. These stresses are related to the
corresponding strains through Hooke's law,
o-, = E is (2.23)
O= EpmEm (2.24)
where the plate moduli (E = E/(1 - v2)) are used as the constants of proportionality.
Note that any combination of thermal strain (Eth= aAT), lattice mismatch strain,
residual strain from fabrication, and the like can be summed to give Ej and em, as long
as positive values correspond to tensile strain in the sum and the strain components
are constant across the upper and lower films. Substituting these expressions in
Equation 20 and changing to dimensionless variables, we have,
M = wEp2t? [e + + m07 I - a (2.25)
The films will have zero net axial force acting on them immediately prior to roll-up
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since they will be free to elongate (or contract) in the axial direction. Therefore,
0
O-jtiW+-tmw = 0 (2.26)
EiEpiti = -EmEpmtm
Changing variables to -y and 27 and solving for ci we find,
(2.27)
Defining the total strain as ctot = cm - Ei, the individual strains cm and 'E can be
expressed in terms of the total strain and the dimensionless variables:
Ei - +7Etot
1
EM = tot
1 +Y n
(2.28)
(2.29)
Substituting Equations 2.28 and 2.29 in Equation 2.25, we obtain,
M = wEpjtEtet-y(27 + 1)2 (1 + y7) (2.30)
Next, Equations 2.20 and 2.30 can be substituted in Equation 2.14 to obtain an
expression for the radius of curvature,
Epi I
M
- pWt -L+(
I)2 + IY , 3 + -yij (av 2!) 2]
(2.31)
wEpjt26t't1'7j(7 + 1)/2(1 + 727)
Simplifying,
2ti(1+- 777) Flp =to(1 -Y- 1 (I + )773) + c(1 - '72) + a 2(1 + 7q)1
ctot7(7 + 1) _3 
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p
p
(2.32)
E Fx =
Ei = -706m
Note that Epi is used in Eq. 2.31 since the transformed cross-section depicted in Fig.
2-7b is comprised entirely of the material of the lower film.
Before calculating Dp/&a, Op/&j, and p/D'y to minimize p, tj must be expressed
in terms of tt,0 and the dimensionless variables since it is not invariant with respect
to the dimensionless variables. Observing that tt0 t = t, + t, = ti(1 + I), Equation
2.32 becomes,
= (2ttot( + )2 ( '1 71 3) + a (1 - _2) + a 2 (1 + (2.33)P tot'y?](-q+1)2 13k,+Y
Solving p/a = 0 for a from Equation 2.33 reproduces Equation 2.17 exactly. Sub-
stituting in Equation 2.33 for a from Equation 2.17 and simplifying yields,
p = t 1ot 2[4(1 + -yr) (1 + 7yn 3 ) - 3(Y772 - 1)2 (2.34)66tot^/7(n + 1)2
Solving Op/i9q = 0 and &p/7y = 0 both give the result:
IM2 = 1 (2.35)
From Equation 2.17, this implies,
a = 0 (2.36)
Equation 2.36 indicates that the optimum location for the neutral axis in a two-layer
system is at the interface between the two films as was originally anticipated based
on intuition. In dimensional form, Equation 2.35 becomes,
(2.37)
tj JEm
This is the film thickness optimization condition for the two-layer system. When
the ratio of the film thicknesses satisfies this condition, the diameter of the rollup
structures will be minimized for any given set of stresses in the films.
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This also provides great simplification for the expression for p:
2 tot(
p = (2.38)3 Etot
The diameter of the rollup structures self-assembled from a two-layer system is there-
fore given by,
D = (2.39)
3 ctot
This same result can be obtained by energy minimization. See Appendix A for a
detailed derivation of Equation 2.39 by this method.
2.3.4 n-Layer System
For a system with more than two layers, the calculations are simply an extension
of those for the 2-layer system. However, when more than two layers are present,
the opportunity for straightforward optimization no longer exists since the minimum
rollup diameter will be achieved when all but two of the layer thicknesses are set
to zero. One or more layer thicknesses must be chosen a priori (in addition to the
total thickness) so that only two thicknesses are unknown before the diameter can
be minimized. Since many possibilities exist in terms of numbers of layers and which
layer thicknesses are left undetermined, a Matlab program was written to produce
plots of rollup diameter versus layer thickness from which the optimized thickness
can be determined. The program can handle systems with as many as four layers
and the Matlab code can be found in Appendix BI. The plot for a four-layer system
consisting of x nm silicon dioxide, 3 nm chrome, 15 nm gold, and 55-x nm chrome
is shown in Fig. 2-8. The optimized thickness is x = 32 nm for a minimum rollup
diameter of 2.2 pm.
2.3.5 Comparison to Another Study
Reference [18] also calculated the radius of curvature for rollup structures. This work
was performed for MBE rollup structures and is based on energy minimization, similar
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Rollup Diameter vs. Layer Thickness for SiO2-Cr-Au-Cr
Versus Layer 1 Thickness
- Versus Layer 4 Thickness
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Figure 2-8: Plot of rollup diameter versus layer thickness for system comprised of
the layers silicon dioxide, chrome, gold, chrome. Solid curve is versus silicon dioxide
thickness. Broken curve is versus chrome thickness in top layer. Internal layers of
chrome and gold are 3 nm and 15 nm thick, respectively.
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to the calculation in Appendix Al. The formula derived by [18], with some symbols
exchanged for the ones used above, is,
-0 + 4-tytm + 6_Ytit2 + 4ti t3 + t4 .2RG R -:_ I z M M(2.40)GEmis (1 + v)titm(ti + tm)
where 6 mis = lattice mismatch = ai/a 2 - 1. Referring to Eq. 2.2 for the in-plane
strain due to lattice mismatch, the magnitude of the lattice mismatch is given in
terms of the total in-plane strain (ell) according to,
Eli
-± El (2.41)
1 + ell
The in-plane strain is taken to be equal to the total strain defined previously, Eli =
Etot. The rollup diameter predicted by Eq. 2.40 is plotted for a system of nickel on
silicon dioxide versus the thickness of the silicon dioxide in Fig. 2-9. Also plotted in
the figure are the rollup diameters calculated by the Matlab program from Section
2.3.4 (nlayer-rollup.m in Appendix B2). The Grundman model gives a very similar
curve, with diameters approximately 0.3 Mim smaller than those predicted by the code
developed for this study. The source of the discrepancy is not clear, but may be due
to the approximation for the in-plane stress from Eq. 2.2, from assuming Ell = tot, or
from the omission of a factor involving Poisson's ratio v in one of the models. In any
case, the models are considered to exhibit similar trends and reasonable agreement.
2.4 Expected Rollup Diameter
One of the main motivations for these calculations was to help predict the magnitude
of the stresses required to produce rollup structures of diameter less than 10 Pim
(preferably closer to 1 1im). The results presented below were performed prior to
fabrication as a confirmation that making rollup structures of the proper scale is
feasible.
In Table 2.1, the elastic modulus, resistivity, thermal expansion coefficient, and
melting temperature of selected metals are listed (from sources [19], [20]). In Ta-
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Rollup Diameter vs. Layer 1 Thickness for Ni on SiO2
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Figure 2-9: Plot of rollup diameter versus thickness Of Si02 for system of Ni on Si02.
Model for this study is compared to model developed by [18].
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Table 2.1: Elastic modulus, resistivity, coefficient of thermal expansion, and melting
temperature of selected metals. Elastic moduli are from [19], except W and Ni, which
are from [20]. Other data was obtained from [20].
ble 2.2, the elastic modulus, compressive stress, and compressive strain for selected
insulators are listed (from sources [21], [22], [23], [24], and [25]). These data were
used to plot the optimized rollup diameters in Fig. 2-10 for various combinations of
insulators and metals. This plot is based on Equation 2.37 and represents the best
possible case where strain contributions from residual strain as well as thermal strain
contribute favorably to the rollup behavior of the structure. Note, however, that the
residual strain dominates the thermal strain by a factor of two or more in most cases.
2.5 Surface Adhesion Effect
One final concern regarding rollup behavior at the micron scale was that surface ten-
sion forces could dominate the curling forces and hold the structures flat against the
substrate, thus preventing them from self-assembling into rollups. A quick calculation
shows that this should not be a concern when the total strain is greater than 1%.
According to [26], the surface tension of water is y = 72 dynes/cm = 0.072 J/m 2.
The areal energy density of a rollup prior to self-assembly is given by Eq. A1.2 (in
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Comparison of Metals
E (GPa) p (pQ-cm) CTE (106 oC-) Tmeit (0 C)
Ag 76 1.6 18.9 962
Au 80 2.2 14.2 1064
Cu 117 1.7 16.5 1085
Al 69 2.7 23.1 660
Mo 324 5.0 4.8 2623
W 411 5.0 4.5 3422
Ni 200 7.0 13.4 1455
Pt 168 10.6 8.8 1768
Cr 248 12.7 4.9 1907
Ti 115 40.0 8.6 1668
Table 2.2: Elastic modulus, compressive stress, and compressive strain for selected
insulators. Data obtained from (1) [21], (2) [22], (3) [23], (4) [24], and (5) [25] as
indicated.
Optimized Rollup Diameter
for Selected Material Combinations
10.0...........................-....... ...
19.0 -- Ag
0 .0 U
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0 E--] Al
7.0 -- Ei Mo
6.0 -- 0 Cr
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Figure 2-10: Optimized rollup diameters calculated from Equation 38. Assumes
AT = 300'C, trt, = 50 nm, and CTE,,, ~ 10-6C-1, plus data listed in Tables 1&2.
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Comparison of Insulators
E (GPa) -a. (GPa) -r (%)
AlN' 330 19 5.76
Si3 N4 2  210 4 1.90
SiC 2  410 3.2 0.78
TiN3  600 10 1.67
CrN 4  270 6.5 2.41
MoN 4  341 10.8 3.17
TiC5  450 12 2.67
a-Si5  140 1.1 0.79
a-SiO 2 5 80 0.22 0.28
Appendix A) with Ec = 0 and y,, = 0,
W W 1A - - tot = 1E PC tot (2.42)A V 2
Assuming a plate modulus of Ep = 100 GPa, a strain of ex = 0.01, and a total
thickness of ttrt = 50 nm, the areal energy density of the rollup is calculated to be,
= 0.25 2 3 .5 -y (2.43)A m2
Notice that the energy of the rollup increases with the square of the residual strain
Ex. Even with a total strain as small as 1%, the rollup energy will be more than 3
times the surface energy that would hold the rollup to the substrate. Thus, since the
surface tension will be 1/3 of the areal energy density or less, it is not expected to
have a dominant effect on the rollup behavior of the structures to be fabricated for
this study.
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Chapter 3
Fabrication
The key results of this study are the novel fabrication techniques that have been de-
veloped for making self-assembling rollup structures. With regard to the mechanisms
discussed in Section 2.2 for developing stress, only intrinsic fabrication stresses were
investigated. All fabrication steps were carried out at the MIT Materials Technology
Laboratory (MTL) and were performed on n-type (100) silicon wafers, either 6 inches
or 4 inches in diameter. The primary fabrication processes include photolithography,
e-beam evaporation, liftoff, and wet-etching. The major fabrication tasks associated
with this study have been materials selection, mask design, process optimization, and
evaluation of the results through imaging. Details of the work associated with these
tasks are discussed below.
For convenience, a notation will be defined to describe the films deposited for a
particular process. Films are listed in the order they were deposited, which equates to
the sequence from lowest film to highest film in the final system. Each film is repre-
sented by the chemical symbol for the element or compound of which it is comprised
followed by the thickness of the film in nanometers enclosed in parenthesis. Adjacent
films are separated by dashes. For example, a system consisting of 25 nm of platinum
and 25 nm of chromium would be represented by: Pt(25)-Cr(25).
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I Insulator
Figure 3-1: Ideal arrangement of layers on substrate.
3.1 Materials Study
Before the rollup structures could be fabricated, it was necessary to determine what
materials would be the best candidates for the insulating, conducting, and sacrificial
layers. For the intended applications, the ideal arrangement of the layers on the
substrate is: sacrificial layer, insulator, metal (see Fig. 3-1). This will yield rollup
structures with an insulator as the outermost layer, providing an electrical barrier
from other rollups when the released films curl upward from the substrate. As it
happens, this is convenient for e-beam deposition since the stresses in metal films
tend to be much more tensile than that in oxide films, leading to an upward curling
force for the arrangement in Fig. 3-1.
3.1.1 Design Constraints
With the application of developing a LHM in mind, the insulator layer should have a
high breakdown voltage to prevent arcing and a low dielectric constant to minimize
the capacitance of the structures so that the resonant frequency (Wo = 1/VLC) will
be as large as possible. The metal layer should adhere well to the insulator layer,
should have very low resistance to minimize damping, and should be highly tensile to
induce curling. Finally, the sacrificial layer should have good adhesion to the insulator
layer and must have an etchant that does not attack the materials in the metal and
insulator layers.
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3.1.2 Available Materials
To study different possible materials combinations, the first step was to perform a
literature search to determine typical properties of the available materials. If we first
only consider materials available for e-beam evaporation in MTL (the fabrication
facility used for this study), the primary insulators available include silicon dioxide
and alumina, and possible metals include chromium, nickel, silver, gold, platinum,
tungsten, copper, tin, molybdenum, titanium, tantalum, palladium, indium, and alu-
minum. In addition to e-beam evaporation, higher quality silicon dioxide and silicon
nitride can be deposited by PECVD or grown thermally. Finally, a wide range of
materials can also be deposited by sputtering.
3.1.3 Preferred Deposition Process
The main advantages of the e-beam deposition are: (1) it is widely available and
relatively inexpensive; (2) both insulators and metals can be deposited; (3) films as
thin as a few nanometers can be grown with thickness control on the order of a few
angstroms (though some films may require a thickness of 10-20 nm to become contin-
uous); and most importantly, (4) the substrate is not subjected to high temperatures
during deposition so that image reversal photoresist can be deposited beforehand
for subsequent patterning of the deposited films by liftoff. The major disadvantage
that it suffers is that oxides deposited by e-beam evaporation are not high quality
films. This is because the oxygen will generally evaporate at a slower rate than the
complimentary material (e.g., the silicon in silicon dioxide) so that the film will be
non-stoiciometric. Also, the rate of deposition tends to fluctuate erratically while
depositing an oxide so that the film may be filled with pinholes. For the purposes of
this study, the film properties were of adequate quality to develop rollup structures
small enough to (potentially) have resonances in the frequency range of interest (the
mid- to far-infrared).
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3.1.4 Literature Data on Residual Stresses
Upon examining available research papers and literature on the residual stresses in
thin films, it was found that residual stresses can vary significantly with different
deposition techniques. For many deposition techniques, insulators are reported to
have compressive residual stresses such as those found in Table 2.2. Also, most
studies on residual stresses are for films thicker than 100 nm, whereas films as thin as
possible (-20 nm for a continuous film in most cases) are desired for minimizing the
diameter of the rollup structures. This is both intuitive, since thinner films should
be more compliant in response to curling forces, and verifiable through the relations
based on elastic beam theory presented in Chapter 2. For these reasons, the residual
stresses found in the literature can only be expected to serve as a basis for comparison
to calculated values.
3.1.5 Materials Considered in This Study
While many metals were available for deposition by e-beam evaporation (as listed
in Section 3.1.2), a shortened list of metals needed to be selected for this study to
limit the number of samples to be tested. The most electrically conductive metals
are silver, copper, and gold, while chromium and nickel are known to be relatively
high-stress metals according to experienced users of the e-beam evaporator in MTL.
Molybdenum and tungsten also have high electrical conductivities. Finally, chromium
and titanium are commonly used as adhesion layers for metals that tend to separate
from the substrate or from underlying films. In particular, it is conventional to use a
titanium film about 5 nm thick between silicon dioxide and gold to promote adhesion.
Based on these observations, the materials considered in this study include those in
Table 3.1. The elastic moduli (from [19], [20], and [27]) and estimated residual stresses
(from this study) of these materials are also included in the table. Note that the
residual stress values were obtained by comparing experimental results to theoretical
predictions, often where sparse or insufficient data was available, so large errors in
some of the values is not unlikely.
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Materials Considered in This Study
Metal Agi Au' Cu' All Mo' W 2  Ni 2  Pt' CrI Til
E(GPa) 76 80 117 69 324 411 200 168 248 115
Ures (GPa) 1.3 0.7 1.0 0.6 6.0 9.0 11.0 5.0 14.0 2.0
Cres (%) 1.7 0.9 0.9 0.9 1.9 2.2 5.5 3.0 5.6 1.7
Insulator Si 3 N4 3  A12 0 3 3  a-Sil a-SiO 23
E(GPa) 210 344 200 72
Ures (GPa) N/A N/A 1.8 0.2
Eres (%) N/A N/A 0.9 0.3
Table 3.1: Materials considered in this study, their elastic moduli, and their estimated
residual stresses and strains. Elastic moduli were taken from references (1) [19], (2)
[20], and (3) [27] as indicated. Residual stresses and strains are estimates from this
study.
3.2 Rollup Behavior Study
Before a photolithography mask could be designed for fabricating the rollup struc-
tures, it was necessary to identify materials systems that exhibit rollup behavior and
also to investigate how mask features such as length scale and aspect ratios influence
the propensity of the films to roll-up. A preliminary process and photolithography
mask (Mask 1) were therefore required for this purpose. Before discussing Mask 1,
however, let us overview the two main processes used in this study for producing
rollup behavior: (1) the wet-etching process and (2) the liftoff process. While similar
processes implementing positive photoresist (instead of image reversal photoresist)
were explored, these two were the most successful and can be used with the greatest
variety of materials systems. Note that the wet-etching process will produce struc-
tures corresponding to the dark features on the photolithography mask. The opposite
is the case for the liftoff process. Thus, masks designed for one process are not com-
patible with the other process since the inverse image would be required to produce
the same structures.
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Figure 3-2: Wet-etching fabrication process for producing rollup behavior.
3.2.1 Wet Etching Fabrication Process
This process was the first process used in this study and gave the best results in terms
of small diameter rollup structures. It can be summarized in six steps which are
illustrated in Fig. 3-2 and discussed below. In the figure, photoresist is abbreviated
"PR" and silicon is abbreviated "Si".
1. The wafer is cleaned using a standard RCA clean process. This ensures the
wafer will not be contaminated for the subsequent photolithography steps.
2. Photolithography is performed on the wafer. HMDS is deposited, then image
reversal photoresist (AZ 5214-E) is spun on the wafer with a spin coater at
3,000 rpms for 30 seconds. This gives a photoresist thickness of about 1.5 Am.
The wafer is then pre-baked at 95 'C for 30 minutes.
3. The wafer is exposed to UV light (365 - 405 nm) through the appropriate
photolithography mask (process dependent) for 2 seconds. Next, the wafer is
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post-exposure baked to induce cross-linking at 95 'C for 30 minutes. Finally,
the wafer is flood exposed (no mask present) with UV light for 60 seconds. To
complete the photolithography process, the photoresist is developed in AZ 422
MIF developer for about 90 seconds with moderate agitation and then cleaned
and dried in a spin drier. Note that a descumming" step consisting of etching the
photoresist for several minutes in a plasma etcher is sometimes recommended
at this point. This helps to remove traces of photoresist that may remain in
the developed areas and interfere with adhesion of films to the substrate. Since
substrate adhesion problems were not encountered, this step was not included.
4. E-beam evaporation (or another film deposition technique) is used to deposit
films on the photoresist and the substrate. A sacrificial layer is deposited first,
then at least two more layers, an insulator and a conductor. The deposition
process should not heat the substrate to a temperature higher than 85 'C since
this will make the subsequent liftoff process difficult or impossible. Also, the
deposition should be anisotropic so that the sidewalls of the photoresist are not
coated, thus inhibiting successful liftoff in the next step. For e-beam evapora-
tion, this is accomplished by mounting the wafer on a liftoff plate" that keeps
the wafer relatively normal to the flux of evaporated metal. The films should
be deposited at a rate between 1 - 10 A /second to minimize porosity, and
they should be at least 100 - 200 A thick to ensure that the film is continuous.
Adhesion layers should be included between adjacent layers that do not adhere
well to each other.
5. Liftoff is performed by placing the wafer in acetone to dissolve the photoresist,
thus lifting" the film off of the substrate in the regions where the photoresist re-
mained after photolithography. The wafer is rinsed with methanol, isopropanol,
and water and then is blow-dried with nitrogen gas. Spin-drying the wafer at
this point is not recommended as this may release the desired structures from
the substrate prematurely if their adhesion is only moderate.
6. Finally, wet-etching is performed to dissolve the sacrificial layer, thus allowing
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the overlying device layers to roll-up if their intrinsic fabrication stresses are
adequate to do so. After etching in an acid, the wafer must be gently rinsed in
a water bath before it can be viewed under a microscope since the etchants are
dangerous caustic acids. This step places a crucial and demanding constraint on
the materials selection since the etchant must be extremely selective in etching
the sacrificial material relative to the other materials present. Consider that the
thickness of each device layer is around 20 nm whereas the feature sizes on the
mask typically give etch distances on the order of 20 um. If we allow the device
layer to etch by 10%, the selectivity of the etchant must be at least 10,000:1!
3.2.2 Liftoff Fabrication Process
The advantages of this process are that it is one step shorter than the wet-etching
process and that it does not require the use of caustic acids. The disadvantage is that
it seems to result in lower residual stresses in the films so that the rollup structures
are 2 - 3 times larger in diameter. It can be summarized in five steps which are
illustrated in Fig. 3-2 and discussed below.
Steps 1 - 3 are identical to that of the wet-etching process. Step 4 is also the
same except that no sacrificial layer is deposited before the device layers. Step 5
is still a liftoff process, but it is recommended to use methanol or isopropanol to
dissolve the photoresist instead of acetone. The acetone tends to be too aggressive
and often results in erratic, uncontrolled release of the films from the substrate so
that no consistent structures are formed. The portion of the metal lifted off" of the
substrate is the desired sample in this case. If the structures are entirely released
from the substrate, surface forces retain at least some of them on the substrate after
removal from the solvent, thus providing means for viewing the structures under a
microscope. Alternatively, the liftoff can be timed so that the structures do not fully
release from the substrate. The problem here is that drying the surface then tends
to unroll the structures as it pulls their lateral surfaces tight against the substrate.
Structures with more than one turn in each rollup are more resistant to unrolling and
thus are better suited to fabrication where they are left attached to the substrate.
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Figure 3-3: Liftoff fabrication process for producing rollup behavior.
3.2.3 Mask 1 Design
A representative portion of the features in Mask 1 can be found in Appendix C1. In
addition to these features, the mask also contains features scaled up by a factor of two
(double-scale features). Features are designed as large central anchoring regions with
rectangular protrusions extending outward. Since the features are the dark regions
of the mask, Mask 1 must be used with the wet-etching process. Controlling the
etch time is important for this process since overetching will completely release the
features from the substrate into the acid from which they cannot be recovered. Note
that the features of this mask (and all masks, in fact) were designed with a minimum
feature size of 24 pm in mind so that the mask could be printed on a transparency
to save on cost.
The rectangular protrusions were carefully designed so that each corresponds to a
different aspect ratio, ranging from about 1/6 to 6 as listed in Table 3.2. Before
carrying out the fabrication process, it was unknown how the protrusions would
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Mask 1 Single-Scale Feature Dimensions and Aspect Ratios
L 36 48 36 36 36 36 36 144 144 144 144 144
W 232 232 72 60 48 36 24 72 60 48 36 24
AR 0.16 0.21 0.50 0.60 0.75 1.0 1.5 2.0 2.4 3.0 4.0 6.0
Table 3.2: Lists length, width, and aspect ratio of the 12 protrusions from the single-
scale features in Mask 1. Length and width are specified in microns.
release from the substrate over time and how this would be affected by aspect ratio.
Thus, studying the effect of aspect ratio on rollup behavior was one of the primary
objectives of the Mask 1 Process. A second objective was to compare the effects
of different length scales by comparing the incidence of rollups on the single-scale
features to that on the double-scale features. A third objective was to determine
if the direction of the crystallographic planes in the substrate influenced the rollup
behavior. For this reason, the features were arranged in square fields tilted in different
directions as depicted in Fig. 3-4. Thus, the incidence of rollups in fields of different
orientation can be compared for this purpose. Note that the four square fields on the
left side of Mask 1 each contain 1024 single-scale features, while those on the right
each contain 256 double-scale features.
One more aspect of the design of Mask 1 should be mentioned. The rectangular
protrusions were spaced apart by 24 pm (the minimum feature size) in attempt to
discourage lateral etching on the protrusions so that etching would instead originate
from the tips of the protrusions and proceed inward. This was intended to produce
rollup structures that would roll-up on top of the central anchoring region. Based
on similar reasoning, the widest protrusions were put at the two ends of the central
anchoring region so that the thinner protrusions would receive more shielding from
lateral etching. In addition, free-standing rectangular features (80 pm by 176 pm)
were added to provide some lateral shielding for the rectangular protrusions on the
ends, but also helped to minimize the area where liftoff was required.
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Figure 3-4: Overall layout of Mask 1. Square fields of small-scale features are arranged
on the left, and those of large-scale features are on the right. The arrows indicate the
relative orientations of the features within the square fields.
3.2.4 Mask 1 Fabrication Results
For the Mask 1 Process, the first successful materials system in achieving rollups was
chromium on platinum. While both of these materials are metals, it was intended to
subsequently oxidize the chromium to Cr 203 (an insulator) by heating if necessary.
As for all of the fabrication processes, the films were deposited by e-beam evaporation.
Initially, finding materials with both the desired residual stresses and the appropriate
etchant susceptibilities was very constraining. Data on the residual stresses for thin
films of the selected materials was not available and etchant tables detailing which
materials are attacked by various etchants was not always reliable (see Section 3.5.3).
Considering this, Mask 1 was first used with the liftoff process by using a trick.
The trick was to coat the wafer with positive photoresist instead of image reversal
photoresist in the second step of the liftoff process (see Fig. 3-3). This allowed the
process to be carried out without a sacrificial layer so that etchant susceptibility
was not an issue, but the danger was that liftoff may fail when positive photoresist
is used. The reason for this is illustrated in Fig. 3-5. Positive photoresist has a
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(a) (b)
Figure 3-5: (a) Positive photoresist with positive slope sidewalls. (b) Image reversal
photoresist with negative slope sidewalls.
positively sloped sidewall so that some film may be deposited on the sidewalls of the
photoresist, thus anchoring the film on top of the photoresist features to the film
on the substrate. Image reversal photoresist avoids this difficulty since its sidewalls
have a negative slope, making them more resistant to being coated during deposition.
Nonetheless, liftoff can sometimes be achieved with positive photoresist when the
films being deposited are very thin since the portion of the films deposited on the
sidewalls is even thinner and will thus break off easily.
Fig. 3-6 shows images of the results of the liftoff process with Mask 1 for the
materials system Pt(25)-Cr(25). All images are for single-scale features since the
double-scale features turned out to be too large to demonstrate interesting rollup be-
havior in most cases. The length scales for the light microscope images are estimated
below the figure. The portions of the films originally on top of the photoresist appear
wrinkled due to the residual stresses in areas where the film is partially released. In
some cases, the film released along the edges of the features and rollup behavior was
observed. In Fig. 3-6a, one can see that most rollups formed along the diagonals of
the rectangular protrusions. In Fig. 3-6b, a free-standing rectangle rolled up parallel
to its longer edge. In Fig. 3-6c, a rollup structure of more than four turns is ob-
served. In Fig. 3-6d, three rollups forming a triangle are observed, where the rollups
are approximately 8 pm in diameter. The red areas from which the films rolled up
are partially dissolved photoresist remaining on the substrate.
Fig. 3-7 shows images of the results of the wet-etching process with Mask 1 for
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(c) (d)
Figure 3-6: Light microscope images (ab) and SEM images (c,d) of Pt-Cr rollups on
Mask 1 double-scale features fabricated by the liftoff process with positive photoresist.
As measures of length scale, the scaled widths of (a) and (b) are approximately 560
pm and 280 pm, respectively.
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the materials system Al(25)-Pt(25)-Cr(25) after etching in PAN etch for 15 minutes
at room temperature (etching at elevated temperature reduces etch time). Similar
results were subsequently obtained by using Au(25) in place of Pt(25). The results
imaged in the figure gave great insight into the rollup behavior of the films. From
Fig. 3-7a, one can qualitatively see that the large aspect ratio rectangular protrusions
consistently show preference for rolling up along the longer side, but inevitably form
triangles since they are anchored to the substrate at one end. At the top of Fig. 3-7b,
some of the low aspect ratio protrusions have rolled up parallel to their longer side so
that they end up on top of the central anchoring region as originally intended. Also in
Fig. 3-7b, a free-standing rectangle has rolled up into a double-rollup, or nanoscroll
structure", once again showing the tendency of rectangular portions of films to roll-up
along their longer side. Please note that this free-standing rectangle is at the edge of
the mask and has dimensions of 34 pm by 176 pm and aspect ratio 5.2 (see unit cell
in Appendix CI). The sample imaged in Fig. 3-7c shows how some of the protrusions
fold-up after rolling up due to the fact that they are anchored to the substrate at one
end. Fig. 3-7d is a closeup view of some of the foldup structures in Fig. 3-7c.
The two most valuable insights gained from this portion of the study are summa-
rized here. Mask 1 features having the most consistent and controlled rollup behavior
are ones with aspect ratios greater than 4. Foldup behavior is most prevalent and
most consistent for Mask 1 features with aspect ratio between 1 and 2.
3.3 Rollup Structure Study
According to the results from the Mask 1 process, new masks were designed for
fabricating rollups. These were designed as arrays of high-aspect-ratio rectangles
(4 or higher) expected to rollup along their longer sides. The length scale, spacing
between rectangles, and (to a lesser extent) the aspect ratios were the only parameters
varied between Masks 2 - 6 (see Appendicies C2 - C6).
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(c) (d)
Figure 3-7: Light microscope images of Pt-Cr rollups on Mask 1 (single-scale) features
fabricated by wet-etching process with Al as the sacrificial layer. As measures of
length scale, the scaled widths of (a) - (d) are approximately 1120 Pm, 280 Pm, 1120
pm, and 93 pm, respectively.
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3.3.1 Mask 2 Design
The unit cell of Mask 2 is shown in Appendix C2. Mask 2 was designed for the wet-
etching process, so the desired features are dark. The rectangles were designed with
an aspect ratio of 4 and with smaller side length as the minimum feature size (taken to
be 25 pum here). The horizontal spacing (assuming the long sides of the rectangles are
vertical) was chosen so that each rectangle would be as close as possible (i.e., 25 [tim)
to the adjacent rectangle on one side but very far from the adjacent rectangle on the
opposite side. It was hoped that the shielded" side with a closer neighboring rectangle
would release more slowly than the other side so that the rectangles would form rollups
instead of double rollups. This is not to say that double-rollups are undesirable
necessarily, but was only an investigation to see if this affect was achievable by these
means. Similarly, the spacing in the vertical direction was chosen to be as small as
possible to provide shielding against etching on the small sides of the rectangles.
3.3.2 Mask 2 Fabrication Results
Mask 2 gave the best results for this study in terms of small rollup diameters. The
most successful systems studied were Cu(30)-SiO 22(40)-Ni(30), Cu(30)-SiO 2 (35)-
Cr(22), and Cu(30)-SiO 2 (32)-Cr(3)-Au(15)-Cr(23). Etching was carried out in full
concentration nitric acid for 30 - 60 seconds at room temperature. Note that Ni
will also etch in nitric acid, so the timing of the etch was especially crucial for this
materials system and tended to vary slightly from sample to sample. Since each
of these systems yields double rollups (or nanoscrolls) that look the same and have
diameters in the vicinity of 2 - 3 ftm, images of only the first of these is shown in Fig.
3-8. Not only do these systems yield small diameter rollup structures, but the rollups
are consistent and uniform. Fig. 3-9 shows a zoomed out view of the same structures
that gives a sense of their uniformity.
An additional feature of the Cu(30)-SiO 22(40)-Ni(30) system worth noting is that
structures released from the substrate several weeks after e-beam deposition were of
larger rollup diameter (3.4 pm compared to 2 pm) as shown in Fig. 3-10. Two possible
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Figure 3-8: Nanoscroll structures fabricated from Cu(30)-SiO 2 (40)-Ni(30) system
with Mask 2 by the wet-etching process.
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Figure 3-9: Zoomed out view of the same nanoscroll structures as depicted in previous
figure.
explanations for this are residual stress relaxation and diffusion of the copper or other
materials across the materials interfaces. While the former is quite possible, it is not
expected that significant stress relaxation should occur at room temperature over
several weeks' time. One piece of evidence in favor of the latter is shown in the image
in Fig. 3-10b. Looking closely at the regions where the rectangular portions of film
have peeled off, outlines of rectangles are still visible. This was not the case for the
samples etched in nitric acid immediately after depositing the materials. The lighter
areas are thought to be locations where the copper diffused into the substrate. From
previous fabrication experience, it is known to the author that a copper film deposited
by e-beam evaporation onto a silicon wafer will diffuse significantly into the wafer
when heated to 300 0C for as short as 10 minutes. Given this observation, it seems
reasonable to assume that a copper film could discolor a portion of a silicon wafer by
diffusion into the wafer at room temperature over the course of several weeks. If the
copper diffused down into the substrate, it probably also diffused up into the silicon
dioxide device layer, thus potentially changing the stresses or mechanical properties
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Figure 3-10: Nanoscrolls from the same materials system and fabrication process as
in Fig. 3-8, but with several weeks time allowed between materials deposition and
release of the structures by wet-etching.
of the device layers, and ultimately the rollup diameter.
Finally, note that one can attempt to produce structures that remain attached
to the substrate by carefully timing the etching conditions. For reasons that are not
well understood, the features tend to release at slightly different times on different
locations on the substrate, so that any timed etch that was attempted only yielded a
fraction of the features that both rolled up and remained attached to the substrate.
Further attempts to yield small diameter structures by the wet-etching method that
remain attached to the substrate will be discussed in Section 3.4.
3.3.3 Design of Masks 3 - 6
Masks 3 - 6 are all of similar design in the sense that they are all arrays of rectangles
(refer to illustrations in Appendix C). Masks 3 and 4 are similar to Mask 2 with minor
changes in spacing and aspect ratio, but these masks have transparent rectangles on
a dark field since they are designed for the liftoff process. Masks 5 and 6 are inverse
images of each other, and their rectangles are scaled up by a factor of 3 relative to
the those of Mask 2.
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3.3.4 Fabrication Results of Masks 3 - 6
Masks 3 and 4 were introduced to allow fabrication by the liftoff process, but they
did not work as well as Mask 2 did with the wet-etching process. This is primarily
because structures fabricated by the liftoff process turn out to have rollup diameters
about 3 times larger than those fabricated by the wet-etching process for the same
materials system. The reason for this is not well understood, but could be explained
by the postulate that films deposited on a stiff material (like a silicon substrate, as
in the wet-etching process) will have greater residual stress than materials deposited
on a compliant material (like photoresist, as in the liftoff process). Given that the
rollup diameter is now 6 - 9 pm, the rectangle width of 25 pm will be just about
equal to the circumference of the rollup (25 = 7.967). When these single-turn rollups
form, they have little to no overlap, and thus are not as resistant to surfaces forces
that pull the film back to the substrate as the solvent evaporates. Consequently, the
features can often be pulled flat against the substrate when the solvent dries out so
that no structures are observed at all. Fig. 3-11 shows a sample fabricated from the
system SiO 2(27)-Cr(3)-Au(10)-Cr(20) with Mask 3. The rollup diameter in this case
is about 8 pm, so the features do not quite complete a full turn in most cases, but
they are able to resist surfaces forces that would pull them flat against the substrate.
Mask 5 was mainly intended for investigating larger rollups comprised of thicker
films. Its fabrication results are omitted here since no new trends were discovered.
Conversely, Mask 6 produced the best aligned structures in this study, though
they are of larger diameter than those from the wet-etching process. Fig. 3-12 shows
SEM images of nanoscrolls 7.5 pm in diameter fabricated from the system SiO 2 (32)-
Cr(5)-Au(12)-Cr(24) with Mask 6. As seen in Fig. 3-12a, smaller transverse rollups
sometimes form at the ends of the main nanoscroll structures. These seem to be
affected by the film thicknesses and how the film is released on a particular sample.
For the sample in Fig. 3-12, liftoff was carried out in isopropanol for 30 - 60 seconds.
The time at which liftoff is terminated is critical since removing the sample from the
solvent before the features are fully rolled up will cause them to irreversibly unroll
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Figure 3-11: Single-turn rollups fabricated from the system SiO 2 (27)-Cr(3)-Au(10)-
Cr(20) with Mask 3 by the liftoff process.
when the sample dries out. However, waiting too long to remove the sample from
the solvent will fully release the structures so that they will no longer be aligned.
Note that this process has the additional advantage that no acids are required to
release the structures. Thus, if one wants to completely release the structures from
the substrate in attempt to collect them on another surface, this is more feasible when
one is working with non-caustic solvents like isopropanol.
3.4 Anchored Rollup Structure Study
In attempt to produce smaller rollups that remain anchored to the substrate, two
new processes were devised, each of which required two masks. The idea is to apply
separate patterns to the sacrificial layer and the device layers so that the device
layers will roll-up onto small regions of attachment that anchor them to the substrate
when the sacrificial layer is removed. The two processes designed for this purpose
correspond to Masks 7a & 7b and Masks 8a & 8b, which are illustrated in Appendices
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Figure 3-12: Nanoscroll structures fabricated from SiO 2 (32)-Cr(5)-Au(12)-Cr(24) sys-
tem with Mask 6 by the liftoff process. As measures of length scale, the scaled widths
of (a) - (c) are 423 pm, 55 pm, and 1335 pm, respectively.
68
C7 and C8. As for all of the processes in this study, transparencies were used for the
photolithography masks, so the minimum feature size was again 24 pm. This turned
out to be constraining in this case for reasons that will be discussed below.
3.4.1 Design of Masks 7 & 8 Processes
The Mask 7 Process consists of (1) performing the liftoff process with Mask 7a,
depositing only the sacrificial layer; and (2) performing the wet-etching process with
Mask 7b, depositing only the device layers and aligning Mask 7b with the existing
Mask 7a features. Mask 7a patterns horizontal strips 100 pm wide into the sacrificial
layer. Mask 7b consists of vertical lines of rectangles connected longitudinally along
their centers by a 25 pm wide vertical strip. The rectangles in Mask 7b are positioned
so that the vertical spacing between them is centered on the horizontal strips in Mask
7a. The rectangles themselves are thus free from the substrate, but they are attached
to the 25 pm vertical strips which themselves are anchored to the substrate.
The Mask 8 Process is the same as the Mask 7 Process, except that the rectangles
in Mask 8b are aligned so that they are centered on the vertical 24 pm strip (from
Mask 8a) where the sacrificial layer has been removed. Thus, the rectangles are
directly anchored to the substrate in this case. The disadvantage here is that the
anchoring region cannot be smaller than the minimum feature size (24 pm), so the
rollups formed on either side of the vertical strip will be separated by approximately
this distance. As will be shown in Chapter 4, the coupling capacitance between
the rollups is typically much smaller than the capacitance of the individual rollup
structures and is thus of little consequence. More importantly, the number density
of the structures will be reduced when the separation between the rolls is forced to
be large. For this reason, the additional expense of purchasing a mask with smaller
features would be justified for this process since it could help to reduce the separation
between the rollups and thus increase the number density on the sample.
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3.4.2 Fabrication Results of Masks 7 & 8
The main problem encountered with the Mask 7 Process was that the rectangles break
off from the anchoring strips during etching. Since the rectangles are not attached
directly to the substrate, they are pulled by the flow of the etchant and rinsing water
during etching, and the thin film of device layers easily tears under these forces. All
samples fabricated suffered this problem.
The Mask 8 Process looked more promising, but still did not achieve good results
with the samples tested. Silicon dioxide is the bottommost device layer that is in
direct contact with the substrate in the anchoring region. Apparently, the Si-Si0 2
interface has poor adhesion since the devices completely separated from the substrate
during etching. Adding an adhesion layer on top of the substrate such as chromium
before starting the process is probably the best and easiest solution. This was not
attempted in this study, however, due to time constraints.
3.5 Foldup Structures
In addition to the rollup structures fabricated in this study, a second class of self-
assembling structures was examined. These structures are formed in response to
exactly the same forces as the rollup structures, except the geometric design of the
planar features from which they are formed is different. The features are designed so
that rollup behavior increases the stiffness of protrusions that extend from a central
region. The protrusions then tend to fold-up along lines where the stiffness is a
minimum. The inspiration for fabricating these structures, as well as the mask design
and the fabrication results, are presented below.
3.5.1 Inspiration
The inspiration for the design of the foldup structures came from the results of the
Mask 2 study of the rollup behavior. Referring back to Fig. 3-7(c,d), foldup behavior
was first observed with the near-unity rectangular protrusions that rolled up to form
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Planar Windmill Rollup Windmill Foldup Pyramid
Figure 3-13: Design concept for 3-D foldup structures, illustrated for 3-arm case.
triangular shapes before folding up onto the central anchoring region.
As a more sophisticated application of this effect, the result depicted in Fig. 3-13
was envisioned. A "windmill" structure with 3 or more rectangular arms is patterned
into a film and released from the substrate. The arms roll-up from the outermost
corners to form triangles. The residual stresses at the base of the triangles pivot the
triangles up off of the substrate towards the center of the windmill. As the arms meet
at the center, they should form a pyramid with a regular n-sided polygon as the base,
where n is the number of arms in the original windmill.
3.5.2 Mask 9 Design
The basic features comprising Mask 9 are illustrated in Appendix C9. Mask 9 was
printed twice, once with dark features (Mask 9a) for use with the wet-etching process
and once with transparent features (Mask 9b) for use with the liftoff process. Three
basic kinds of features were designed: 3-arm windmills, 4-arm windmills, and 6-arm
windmills. For each of these, seven combinations of the parameters x and y (defined
in Appendix C9) were chosen to cover a wide range of possible length scales and
aspect ratios (defined as y/x). Each of the 21 different features were replicated
approximately 500 - 600 times in the mask so that some statistical inferences could
be made regarding the formation of the resulting foldup structures.
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3.5.3 Mask 9 Fabrication Results
Fabrication was performed only with the liftoff process (using Mask 9b) due to time
constraints. The care and technique with which the liftoff procedure was carried out
had a great influence on the quality of the resulting foldup structures. Acetone was
found to be too aggressive of a solvent, so combinations of isopropanol, methanol,
and DI (de-ionized) water were used. One procedure that worked well was:
* 12 seconds in (1:1) solution of methanol and isopropanol
* 12 seconds in (1:1) solution of isopropanol and DI water
* 2 minutes in DI water
Interesting results were obtained from all three kinds of features (3-, 4-, and 6-arm),
though none were exactly what was intended. When the length scale was very large,
the rollups formed parallel to the arms of the features, tearing the film at the juncture
of the arms. This is a result of the disparity between the rollup diameter (approxi-
mately 8 pm) and the length scale of the features (> 60 pm). Fig. 3-14 shows such
results for 3- and 4-arm features with parameters (90,159) and (60,150), respectively.
Well-formed structures of these forms were fairly infrequent (10 - 20%). Many more
interesting structures were formed when the length scales were smaller, as discussed
below.
In the case of the 3-arm features, the features with (x, y) parameters of (30,53)
rolled up as anticipated in Fig. 3-9, but folded up only slightly as seen in Fig. 3-15.
This is because the arms of the 3-arm features meet at large angles (120') so that
the rollups forming along the sides of the arms extend into the junctures between the
arms, making them stiff and resistant to folding.
In the case of the 4-arm features, the features with parameters (30,75) and (30,45)
rolled up into triangles as anticipated on two opposing arms, but folded up along the
centerline of the other two arms so as to form a structure that looks like a flying duck,
as shown in Fig. 3-16. It is interesting to see that the original symmetries of the 4-arm
windmill are not preserved as the feature self-assembles in this case. The resulting
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(a) (b)
Figure 3-14: Light microscope images of structures resulting from large Mask 9 fea-
tures. (a) 3-arm feature with parameters (90,159). (b) 4-arm feature with parameters
(60,150). As measures of length scale, the scaled widths of (a) and (b) are approxi-
mately 300 pm and 600 pm, respectively.
(a) (b)
Figure 3-15: (a) SEM image and (b) light microscope image of foldup structures
resulting from 3-arm features of Mask 9 with parameters (30,53) and aspect ratio 1.8.
As measures of length scale, the scaled widths of (a) and (b) are approximately 141
pm and 322 pm, respectively.
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asymmetry between the originally identical horizontal and vertical arms must be a
consequence of the details concerning the release of the arms from the substrate.
In the case of the 6-arm features, the results were closer to what was anticipated.
Features with parameters (30,78) and (30,101) rolled up into triangles on all 6 arms
and folded up on 3 non-adjacent arms as shown in Fig. 3-17 (a,b). Again, the 3
non-folding arms are explained as a consequence of stiff junctures due to the rollup
forces. These structures were surprisingly frequent (up to 50 % and more) given the
other possibilities that exist for folding up. Also observed for the parameters (30,78)
were structures with more than 3 arms folded up as shown in Fig. 3-17(c,d). In
exactly one case, a structure with all six arms folded up was observed, but was lost
in transferring the sample to a microscope where the image could be recorded. The
number of arms folded up in the final structure seems to be dependent on how the
feature is released from the substrate, so that features released slowly and uniformly
result in structures with more arms folded up.
Features with other parameters produced varying results that will not be discussed
here for the sake of brevity. The characteristic and most interesting results (in the
author's opinion) were presented above.
3.6 Fabrication Challenges
Various challenges, anticipated and unanticipated, came into play during the fabri-
cation process. These include processing repeatability problems (particularly with
photolithography), poor film adhesion, and difficulty in etchant selection. These will
be briefly discussed in the sections that follow.
3.6.1 Photolithography Challenges
Photolithography can be very sensitive to variations in processing conditions. Some-
times variations are introduced from unknown sources. For instance, immediately
after coating a wafer with photoresist, most wafers will have a uniform surface color;
but some wafers will have radial streaks in their surface color profiles. In most cases,
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(a) (b)
(c) (d)
Figure 3-16: SEM images (a,b) and light microscope images (c,d) of structures re-
sulting from 4-arm features of Mask 9. For (a - c), parameters of 4-arm features
are (30,75), and for (d) parameters are (30,45). As measures of length scale, the
scaled widths of (a - d) are approximately 169 pm, 1268 pm, 300 pm, and 300 pim,
respectively.
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(a)
(c) (d)
Figure 3-17: SEM images (a,c) and light microscope images (b,d) resulting from 6-
arm features of Mask 9. For (a - c), parameters of 3-arm features are (30,75), and for
(d) parameters are (30,45). As measures of length scale, the scaled widths of (a - d)
are approximately 169 pm, 1268 pm, 300 pm, and 300 pm, respectively.
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the variation in thickness that leads to the streaks is negligible as it is only around 5%
of the thickness of the photoresist. Other variations come from known but uncontrol-
lable sources. For instance, during the pre-bake and post-exposure-bake processes,
the wafers are placed in an oven shared by other users. Even if the timing of the
baking process is carefully controlled, there will be variation from one run to the next
according to how many times the oven (at 95 C) was opened by other users and if
they had to take your wafers out to retrieve theirs. Finally, exposing the wafer to
UV light and subsequently developing it requires practice before it can be carried
out with consistent success. The exposure time, together with the baking times, will
determine how long the wafer must be developed in the appropriate developer. While
the termination of the developing process is normally visually apparent and close to
a predetermined time (90 seconds), process variations like those mentioned above can
accumulate to make the required developing time much longer. In extreme cases,
portions of a wafer will never be completely developed.
3.6.2 Adhesion
Poor film adhesion is most common between metals that do not readily form an oxide
- such as gold and platinum - and an oxide film, such as silicon dioxide. This can
result in some local detachment between the films at the edges, or in more severe
cases the intrinsic fabrication stresses in the film can cause the film to break/fold up
into small pieces as it is being deposited so that no film results at all. The solution to
this is to add a thin adhesion layer between the films, typically around 5 - 10 nm thick
when the films being bonded are themselves thin (< 100 nm). The most commonly
used materials for adhesion layers are titanium and chromium.
3.6.3 Etchant Selection
Etchant selection for the wet-etching process was one of the most difficult tasks of
this study. It contributed to a list of demanding constraints. The required materials
system needed to have a highly conducting metal, an insulator with good adhesion
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to the metal, and a sacrificial layer that is etched by an acid that does not attack the
other materials in the system. Table 3.3 shows a matrix of the susceptibilities of the
selected materials to available etchants. Note that most of the results in the table
were verified experimentally, but some were taken directly from [28]. Some particular
entries in the table are noteworthy. First, [28] indicates that molybdenum should
have no etching in HCl, but it was found that the molybdenum changes colors from
dark brown to off-white in HCl, though the film remains intact. Also, molybdenum
is reported to etch in concentrated nitric acid only when heated to 100 'C, while
experimentally molybdenum was found to dissolve in nitric acid at room temperature
more quickly than any other film. Nickel is supposed to etch in nitric acid according
to [28], but experimental results were inconsistent! It is suspected that the results
were influenced by (1) contamination of the nickel crucible for e-beam evaporation, (2)
oxidation of the films that varied from sample to sample, and/or (3) atomic diffusion
between adjacent layers that varied between samples and over time. Since PAN etch
contains nitric acid, the same comments apply to nickel in PAN etch. Finally, [28]
reports that titanium should etch in phosphoric acid, but absolutely no etching could
be achieved, even with heating the acid to 100 'C and etching for over 30 minutes.
This is suspected to be due to the formation of a surface oxide on the titanium film
that prevents the acid from penetrating into the film.
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Etchant Susceptibilities
Acids
Materials HCl HF Nitric Phosphoric PAN Etch Sulfuric Acetic
Ag 0 0 E 0 E E 0
Au 0 0 0 0 0 0 0
Cu 0 0 E 0 E E 0
Al E E E 0 E E 0
Mo E? 0 E! 0 E E 0
Ni E 0 E? 0 E? E 0
Cr E E 0 0 0 E 0
Pt 0 0 0 0 0 0 0
Ti E E 0 0! 0 E 0
Si 0 0 0 0 0 0 0
Si02 0 E 0 0 0 0 0
A1203 0 E 0 0 0 0 0
Table 3.3: Etchant susceptibilities for combinations of selected materials and etchants.
E = etchable, 0 = no etching, ? = strange reaction or inconsistent results, !
discrepancy with pre-existing data. Some results taken directly from [28].
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Chapter 4
Electrical Modeling
As mentioned in the introduction, the primary application envisioned for the rollup
structures fabricated in this study is to contribute negative magnetic permeability to
the development of a LHM. This is possible because a rollup has a capacitance and
an inductance so that it will behave as an electrical resonator with a characteristic
resonance frequency wo = 1/v LC [9]. The electrical modeling of these structures was
not the focus of this study, but a brief overview of some applicable techniques will be
discussed below.
4.1 Desirable Characteristics
Before discussing the theoretical analysis of the electrical properties of the rollups,
it will be instructive to consider how the structures would interact with the incident
radiation in the ideal case. The desired frequency range for the interaction is in the
infrared, and the interaction must be strong enough to give the effective medium
negative effective magnetic permeability. This suggests that the rollups should have
small diameter and high number density, as discussed below.
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4.1.1 Resonance in the Infrared Range
The rollup structures were designed to have the highest resonance frequency achiev-
able, which is expected to be in the range of infrared radiation frequencies. The target
range for the structures is taken to be the far-infrared range, corresponding to 10 -
200 pm in wavelength. This range places a constraint on the rollup diameter. Radi-
ation with wavelength longer than the rollup diameter provides a spatially uniform
magnetic field over the cross-section of a rollup at a given time, which ensures that
the rollup will respond with an opposing induced magnetic field. However, as the
radiation wavelength becomes smaller than the rollup diameter, the interaction be-
tween the rollups and the radiation will diminish since the magnetic field applied over
the cross-section of the rollups will average to zero. For a given radiation wavelength,
this means that the rollup diameter should be much smaller than this wavelength so
that the magnitude of the interaction is not diminished by spatial non-uniformity of
the applied magnetic field.
4.1.2 Advantages Over Similar Designs
Similar structures studied previously [5] include the split ring structure depicted in
Fig. 4-1. One advantage that the rollup structure has over this design is that the metal
thickness and spacing is not limited to the minimum feature size of the fabrication
process (- pm for typical research fabrication facilities) as is the case for the split
ring design. Instead, these dimensions are determined by the film thicknesses of the
device layers, which can be on the order of angstroms or nanometers. Since the
feature sizes can be reduced to much smaller length scales, it is expected that such
structures will allow higher resonance frequencies to be achieved. Note that this will
only be the case if the number of the turns in the rollup is slightly greater than one.
This will give minimal inductance since the number of turns is small and will also
give minimal capacitance since the overlap between the first and last turns is small.
Since wo = 11/ LC, both of these contribute to a high resonance frequency. If the
overall dimensions of the rollup are also smaller than those of the split ring design, it
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Figure 4-1: Split ring structure designed in other studies for achieving negative mag-
netic permeability.
may allow higher resonance frequencies to be achieved.
4.1.3 Negative Magnetic Permeability
If radiation is incident on a rollup structure with a component of its magnetic field in
the axial direction, its oscillating magnetic field will induce an oscillating current in
the rollup as in Fig. 4-2. This oscillating current travels around the circumference of
the rollup between two effective capacitors at the ends of the rollup. The charge flow
generates an induced magnetic field that opposes changes in the magnetic field of the
incident radiation. The magnitude of the induced field will vary with the parameters
of the rollup, such as rollup diameter, insulation thickness, and number of turns. For
a film of rollup structures with a low number density (i.e., a sparse distribution of
rollups), relatively few rollups will be available to interact with the incident radiation
and so the interaction will be small. Films with a sufficiently high number density
of rollups that generate large induced magnetic fields will dominate the magnetic
field of the incident radiation and give the material a negative magnetic permeability.
One observable consequence of this property is that the reflectivity spectrum of the
film of rollups will be modified, especially in the vicinity of the rollup resonance.
Quantitative descriptions of the effective magnetic permeability and the reflectivity
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Figure 4-2: Interaction between rollup structure and incident radiation.
are given in the next section.
4.2 Theoretical Approaches
A theoretical approach for modeling the effective magnetic permeability of the struc-
tures designed in this study is provided in a paper written by John Pendry [9]. For
the purpose of this study, a colleague developed a model for the same problem that
gives similar qualitative results to Pendry's model. In what follows, these two models
will be referred to as the "Swiss Roll Model" and the "Linear Potential Model" , re-
spectively. In addition, a simple LC circuit model was used to estimate the resonance
frequency of a rollup. Also, the reflectivity of a film of rollups was calculated based on
the estimates of effective magnetic permeability. These models are briefly discussed
below. The plots generated for each model are based on the single rollup structure
depicted in Fig. 4-3.
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(Si02 thickness)
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Figure 4-3: Geometry and materials specifications used for electrical modeling of
rollup. The materials properties were taken to be Er,SiO 2 = 4, Er,si = 12, , =
9.5 -e/h = 1.44 x 10 6rad/s, -y = 0.05 -e/h = 7.60 x 10 13 S-1, and p = 10 x 10- 18Q -m.
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4.2.1 Swiss Roll Model
The Swiss Roll Model described here was proposed by John Pendry in an IEEE paper
in 1999 [9]. He considers an arrangement of swiss rolls (geometrically the same as
rollups) aligned vertically in a square lattice in the horizontal plane. His analysis
also applies to the case where the swiss rolls are aligned horizontally, with the only
difference being the way the area filling fraction (F) is defined.
Pendry assumes that an external field HO parallel to the axes of the rolls is uni-
formly applied over the array. The effective magnetic permeability is defined as:
/1eff Bave (4.1)
PoHave
where Bave = average B-field over entire unit cell and Have = average H-field along
line outside of the rolls. He emphasizes that current flow in this structure is entirely in
virtue of the capacitance between the first and last turns of the structure since there
is no electrical continuity between adjacent turns. His final result for the effective
magnetic permeability is:
Pef f -
_ F 2 (4.2)
PO+ 2ori WO_b 1+ wRo(N -1) W2
where
dc2
LJO = 0 (4.3)27 2R 36r(N - 1)
In these expressions, F = area filling fraction = occupied unit cell area / total area of
unit cell, - = resistivity (p) of swiss roll / circumference of swiss roll, w = frequency
of incident radiation, R = radius of swiss roll, /1o = magnetic permeability of free
space, N = number of turns in the swiss roll, wo = resonance frequency of swiss roll,
d = spacing between metal in turns, co = speed of light, and E = dielectric constant
of insulator separating metal on adjacent turns.
A Matlab program was written to plot the real and imaginary parts of Jpeff as
a function of the wavelength of incident radiation. The Matlab code can be found
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Figure 4-4: Matlab plot of the real and imaginary components of peff calculated from
the Swiss Roll Model and the corresponding reflectivity as a function of wavelength.
The structure considered here is shown in Fig. 4-3.
in Appendix B2 and the corresponding plot is given in Fig. 4-4. This figure shows
the real and imaginary parts of peff as well as the reflectivity of such a medium
and is based on the structure shown in Fig. 4-3 with 61,SiO2 = 4, cr,Si = 12, and
p = 10 x 10- 8 Q-m. The reflectivity calculation will be discussed in Section 4.4. Two
cases are plotted in the figures. The first case (solid line) is for a single layer of
rollups left attached to a silicon substrate with an area filling fraction of 6% (typical
of fabrication results). The second case (broken line) is for a concentrated sample of
rollups with a 20 pm thick layer of rollups on a silicon substrate and a filling fraction
of 60%. In the following section, similar plots (Fig. 4-5) will be generated based on
the Linear Potential Model, and the components of Ieff, in both Fig. 4-4 and Fig.
4-5 will be compared and discussed.
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4.2.2 Linear Potential Model
The Linear Potential Model was developed by a colleague [29] for the purpose of
this study. One of the initial assumptions is that the electrical potential increases
linearly as one travels circumferentially from the innermost turn of the rollup to the
outermost turn. This is a consequence of the fact that the resistivity of the metal is
constant and isotropic, so that a given quantity of current traveling along the metal
will lead to a linearly decreasing potential according to Ohm's law (V = iR), which
states potential difference equals current times resistance). The effective magnetic
permeability is defined according to effective medium theory:
Peff Hext = f poHint + (1 - f)po Hext (4.4)
where t = magnetic permeability, Hxt = magnetic field external to the rollups, Hint
= internal magnetic field (inside the rollups), and f = area filling fraction = projected
area of rollup / area of unit cell. Ampere's law is then used to relate Hint to Hext, and
Faraday's law is used to find an expression for Hint. Assembling these expressions
together, the final result is,
PeffI f (4.5)
1po 1 - C7rR/dcp+l2(N-1)W2 CpLg
where
S(cok)
Lg poR 2 (4.6)
os2
In these expressions, f area filling fraction = occupied unit cell area / total area
of unit cell, Cp = capacitance of rollup * circumference of rollup, Lg = inductance
for one turn of the rollup * length of rollup along its axis, w = frequency of incident
radiation, R = radius of rollup, Ito = magnetic permeability of free space, E0 = electric
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permittivity of free space, N = number of turns in the rollup, a = spacing between
metal in turns, EP = complex dielectric function of metal, Er - dielectric constant of
insulator separating metal on adjacent turns, w, = plasma frequency of metal, and -y
- damping constant of metal. For far-infrared frequencies, the limit w < -y applies
so that,
io2
E- = WJ (4.7)
Substituting in Eq. 4.5 from Eq. 4.6 and Eq. 4.7, one obtains the following expression
which is similar in form to Eq. 4.2,
ief = I - 2 2 (4.8)
Po I -+ i-e aceo
2(N-1)Rdw w 47r 2 R 3 (N-1)Erw 2
Once again, this expression for 1ez /Ipo was plotted as a function of the wavelength
of incident radiation. Appendix B3 contains the Matlab code, and the corresponding
plot is given in Fig. 4-5 with 6 r,SiO2 = 4, 6r,si = 12, wp = 9.5 - e/h = 1.44 x 1016
rad/sec, and y = 0.05- e/h = 7.60 x 1013s1. This figure shows the real and imaginary
parts of Ipeff as well as the reflectivity of such a medium. The two lines plotted in
the figure are for the same cases as those plotted in Fig. 4-4 - one for a single layer
of rollups (solid line) and another for a 20 [im thick film of rollups (broken line).
From the Linear Potential Model plots in Fig. 4-5, both the real and the imaginary
parts of peff have much larger resonance peaks for the 20 ptm thick layer of rollups
(broken line) compared to the single layer of nanoscrolls (solid line). The same is true
for the plots generated for the Swiss Roll Model in Fig. 4-4. However, the magnitude
of the peaks is much lower for the Linear Potential Model; in fact, this model predicts
that peff does not become negative at all for a single layer of nanoscrolls. Also, the
figures show that the Linear Potential Model predicts a lower resonance frequency
(i.e., peaks in pff for larger wavelengths) than the Swiss Roll Model. While both
models look qualitatively similar, it is not clear which gives a better prediction of the
precise electrical behavior of the rollups.
Considering now the nanoscroll structure shown in Fig. 4-6, the system will
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Figure 4-5: Plot of the real and imaginary components of Ipteff calculated from the
Linear Potential Model and the corresponding reflectivity as a function of wavelength.
The structure considered here is shown in Fig. 4-3.
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Figure 4-6: Geometry and materials specifications used for electrical modeling of
nanoscroll.
behave exactly as independent rollups when the capacitance between the rolls can
be neglected. This system capacitance should be less than the capacitance of the
individual rollups for the system shown in Fig. 4-6 since the area of overlap between
the rollups is much smaller than that between the layers in each rollup. Thus, one
expects the effects of the coupling between the rolls to be small. Neither the Linear
Potential Model nor the Swiss Roll Model accounts for this coupling. The following
section will examine a simple model for estimating the resonance frequency of the
rollup structure that can be used to estimate the effects of the coupling.
4.2.3 LC Circuit Model
A rudimentary model for the rollup structure shown in Fig. 4-3 is depicted in Fig.
4-7. It can be thought of as a capacitor and an inductor connected in parallel, where
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Figure 4-7: LC circuit model of single rollup, where V(w) represents induced emf
across the inductor from incident radiation.
the resistance of the rollup is neglected for simplicity. The circuit is driven by the
electromotive force induced in the inductor from incident electromagnetic radiation.
Using the following expressions for the capacitance and the inductance,
c - ECO7 UR (4.9)
a
L N(B A) - (4.10)
I 1
the resonance frequency is calculated as,
W _ c (4.11)
/LC 7NR2/3
In these expressions, c, = dielectric constant of material separating rolls, 6O = per-
mittivity of free space, R = rollup diameter, I = length of rollup along its axis, a =
thickness of material separating rolls, yo = permeability of free space, co = speed of
light, A = cross-sectional area of rollup, B = magnetic field strength, I = current
flowing through rollup, and N = number of rolls in rollup. Substituting in for the
values specified in Fig. 4-3 with 6rSiO2 = 4 gives wo = 1.61 x 1013 rad/s, correspond-
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Figure 4-8: Circuit model of nanoscroll consisting of a series connection of two nano-
scrolls connected in parallel with an additional capacitor representing the coupling
between the two rolls. Note that the two voltage sources are in phase.
ing to a wavelength of A = 117pum. This agrees well with the results of the Linear
Potential Model (see Fig. 4-5). The capacitance per unit length along the axis of the
rollup is calculated to be C/i = 1.738 nF/m.
Now considering the nanoscroll structure, an equivalent circuit consists of a series
connection of two rollups connected in parallel with an additional (smaller) capaci-
tance representing the coupling between the rollups as in Fig. 4-8. It is expected that
the capacitance due to coupling between the two rolls (C') is small, so the effect of
the coupling on the resonance frequency should be small. The coupling capacitance
is included here so that its effect on the resonance frequency can be determined in
subsequent sections. The circuit in Fig. 4-8 is equivalent to that in Fig. 4-9, where
the impedances Z1 and Z 2 are defined in terms of the expressions for the impedance
of an inductor (ZL = jwL) and that of a capacitor (Zc = 1/jwC) by [30],
l/Zi = 1/ZL + 1/Zc (4.12)
Z2= zc, (4.13)
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Figure 4-9: Reduced circuit model of nanoscroll written in terms of equivalent
impedances. 1/Z 1 = 1/Z 1/Zc, Z2 = Z0 '; ZL =jwL, ZC = 1/jwC.
The total equivalent impedance is therefore given by
Zt0t = + -(2Z, Z2
2jwL
Zt0t = 2 wL(4.14)1 -w 2L(C + 2C')
By setting the denominator of Zt0 t| equal to zero, the resonance frequency of the
system corrected for capacitive coupling between the rollups can be identified. This
gives,
' =1/ L(C + 2C') (4.15)
Expressing the resonance frequency of the uncorrected system as wo = 1/ VLC, the
ratio of the resonance frequency in the corrected system to that in the uncorrected
system is given by,
W' 1 C'0 ~ 1 - (4.16)
Wo 1 l + 2C'/C C
where the approximation applies for 2C'/C < 1. To estimate the correction in
the resonance frequency, the capacitance between the rollups needs to be estimated.
The next section will discuss estimates of this correction and the resulting corrected
resonance frequencies.
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4.3 Nanoscroll Capacitance Correction Estimates
The two rolls comprising a nanoscroll can be modeled as two parallel identical cylindri-
cal shells separated by a small distance. An analytical expression for the capacitance
of such a system was found to be difficult to derive or to find in the literature. There-
fore, a numerical method to calculate this capacitance based on energy equality was
carried out using Matlab. Also, an experimental measurement of the capacitance of
such a system was made as a check of the numerical modeling results.
4.3.1 Matlab Estimate of Capacitance
The electrical potential of the cylindrical shells was determined by performing a nu-
merical analysis on a 2-D model of the system using the Matlab function pdetool (see
Appendix B4 & B5 for the relevant Matlab code). In the 2-D system, the parallel
cylinders appear as two circles of the same diameter separated by a small gap. The
electric potential (#) of the surrounding regions is calculated by solving Laplace's
equation [31],
V20 = 0 (4.17)
subject to the boundary conditions that the electric potential on one cylindrical shell is
zero and that of the other is 1 V, with both cylindrical shells being perfect conductors.
The resulting potential distribution is shown in Fig. 4-10. The corresponding electric
field distribution is given by,
E = -V# (4.18)
which is shown in Fig. 4-11.
The capacitance is then calculated from an energy balance. The energy of a
capacitor is given by,
Ec = -CV2 (4.19)
2
where C = capacitance of the capacitor and v = potential difference between con-
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Figure 4-10: Potential distribution for parallel identical cylindrical shells, calculated
using Matlab. Potential is specified in volts and distance is specified in meters.
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Figure 4-11: Electric field
calculated using Matlab.
specified in meters.
strength distribution for parallel identical cylindrical shells,
Electric field is specified in volts/meter and distance is
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ductors. The energy stored in an electric field is given by,
EEF j E(VO)2dV (4.20)
where V = integration volume, c = electric permittivity, V# = gradient in electric
potential, dV = infinitesimal volume element. Since the problem is being treated as
2-D, the volume integration can be reduced to an area integration by assuming unit
length into the page. Note that this integration would ideally extend over all space,
but is restricted here to a square with side length equal to seven times the circle
radius due to numerical integration limitations. The capacitance can be determined
by setting the energy of the capacitor equal to that of the electric field. From Eq.
4.17 we have (VO) 2 = E 2, and the potential difference for this system is taken as
V = IV, so the expression for the capacitance is,
C = J E2d A (4.21)
where A = integration area and dA = infinitesimal area element.
The numerical model used for this calculation assumes that the entire region
surrounding the cylinders has a constant uniform dielectric constant. In the actual
case, the region immediately between the cylinders and adjacent to their surfaces
has a higher dielectric constant (Er,SiO2 = 4) while the rest of the surrounding region
around the cylinders has the properties of vacuum (Cr = 1). Therefore, the numerical
model cannot model the actual case exactly. Examining Eq. 4.21, the capacitance
will be directly proportional to the dielectric constant when the dielectric constant
is spatially invariant (as in the numerical model). When the dielectric constant has
spatial dependence (as in the actual case), it must be included in the evaluation of
the integral for the capacitance. However, the actual capacitance can be bounded by
considering two limiting cases where the dielectric constant is constant and uniform.
First, the capacitance for a system with a uniform dielectric constant of , = 1
can be calculated with the numerical model. Since the actual dielectric constant is
everywhere greater than or equal to 6, = 1 and the electric field and the area of
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Nanoscroll Capacitance
C* (nF/m) C*, (nF/m)
cr,=
1 Er=4
0.0956 0.3823 0.2390
Table 4.1: Capacitance between two rolls of nanoscroll structure calculated numeri-
cally for structure shown in Fig. 4.6.
integration are the same for both cases, the actual value for the capacitance must be
greater than that for the Er = 1 case. Similarly, the actual capacitance must be less
than that for a system with a uniform dielectric constant of c, = 4 since the actual
dielectric constant is everywhere less than or equal to c, = 4. The actual capacitance
is therefore bounded by the capacitances calculated for these two cases.
The values for these two bounding capacitances are given in Table 4.1. Comparing
the average value of the capacitance per length between the rolls (C' = 0.239 nF/m)
to that of one roll as calculated in Section 4.2.3 (C = 1.738 nF/m), the coupling
capacitance between the rolls is about 1/7 of that for each of the rollups. The effects
of coupling are thus expected to be small, though perhaps measurable (~ 15 %).
4.3.2 Experimental Measurement of Capacitance
The validity of the approximation for the dielectric constant applied in the Matlab
analysis was tested by assembling a simple physical model consisting of two copper
pipes tied together and separated by a sheet of paper. The pipes have outer diameter
12.75 mm and length 610 mm, and the paper is of thickness 0.097 mm and dielectric
constant E, = 3.7. This system was modeled using the same Matlab code used for
the nanoscroll analysis. Again, two cases were considered for different values of the
dielectric constant (E, 1 and E, = 3.7). The results of the Matlab calculation are
shown in Table 4.2.
Two experimental values for the capacitance of this system were determined. One
was measured simply with a digital multimeter (CDMM) using an implicit function of
that device for measuring capacitance. The other was measured using an oscilloscope
(CO,,) according to the decay time of an RC circuit driven by a function generator.
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Capacitance of Copper Pipe Model
Matlab Results Experimental Results
C* (nF/m) C*,g (nF/m) C*Dmm (nF/m) Cosc (nF/m) C*,g (nF/m)
Er=1 Er= 4
0.243 0.898 0.571 1.016 0.492 0.754
Table 4.2: Capacitance between copper pipes separated by paper as estimated by
Matlab analysis and by experimental techniques.
In the second case, the capacitance is calculated from the time it takes for the voltage
to decay to half its maximum value (ti/ 2 ) according to the relationship [Faissler],
t1/2 = R'C ln(2) (4.22)
Here, R' resistance and C = capacitance in the RC circuit. The experimental
results are also included in Table 4.2.
From Table 4.2, one can see that the experimental measurements of the capaci-
tance differ by more than a factor of two, so the average value (0.754 nF/m) is taken as
the best measure of the system capacitance (with estimated error of 50%). Comparing
this value to the Matlab results, the predictions seem quite reasonable. The average
experimental capacitance falls between that of the c, 1 case and the c, = 3.7 case
for the Matlab estimates. The experimental results seem to be consistent with the
numerical calculations for the capacitance of this system.
4.4 Reflectivity Calculation
Consider a thin film of rollups on a silicon substrate as in Fig. 4-12. Radiation is
normally incident on the film from above (treated as vacuum). The reflectivity is
calculated by examining the dispersion relation for the waves, and using the resulting
equations to derive expressions for the Fresnel coefficients. In [32], the propagation of
radiation through a medium with uniaxially anisotropic permittivity and permeability
is considered. In such a medium, the properties are isotropic perpendicular to the
optical axis. The sample considered here has isotropic permittivity and anisotropic
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Figure 4-12: Normal incidence of polarized radiation onto thin film of rollups on
silicon substrate. H-field of incident radiation is aligned to axis of rollups.
permeability only in one direction (along the length of the rollups). The analysis in
[32] is still applicable if it is restricted to H-polarized light aligned along the axis of
the rollups since the incident radiation will then experience an effective uniaxially
anisotropic permeability in the film.
For normal incidence along the z-axis, the components of the wave vectors in the
regions defined in Fig. 4-12 are given by,
kX =k = 0
kzi kz - (4.23)
C
where w = angular frequency of the incident radiation and c = speed of light in
vacuum. The z-component of the wave vector in the film of nanoscrolls is then
obtained from the dispersion relation given in [32],
k 2  V~Y+ z2= W2 x2
Ez2 Ey2
-- W F x2
kz2 = W'Ey2Plx2 = W I2 (4.24)Co po
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where E and p represent permittivity and permeability, respectively, and the relation
co = 1/VOpo was used, where a subscript of "0" indicates the free space value. The
Fresnel coefficients are then calculated from the boundary conditions as,
k;z I kz2
2 El Ey2 (4.25)
El Ey2
E2 623 (4.26)
62 Ey 3
Finally, the reflectivity Ref is determined by substituting the Fresnel coefficients into
[33],
T 1 2 + r 23e i2kz 2 d 21 7 r12T2 3 ei 2 k2d2
Ref = IrI2  (4.28)
where d2 = thickness of the film of rollups. The reflectivity was calculated for films of
rollups on a silicon substrate for two cases, one for the Swiss Roll Model and the other
for the Linear Potential Model. Reflectivity versus wavelength of the incident radia-
tion was plotted in Fig. 4-4 and Fig. 4-5 for these two cases, and the corresponding
Matlab code is included in Appendix C2 and C3.
In the reflectivity plots for the single layer of nanoscrolls (solid line), one observes
negligible change in the reflectivity due to the small magnitude of the real part of
pe f. The film of rollups is thin enough in this case that the incident radiation passes
through the film with almost no effect. Therefore, medium 2 (the film of rollups) can
be neglected for the reflectivity calculation so that the following simplified expression
for reflectivity applies: 2
Ref = n3 (4.29)
n 3 + ni
where ni = index of refraction of layer i. The index of refraction ni can be approxi-
mated as the square root of the dielectric constant of the corresponding layer. Using
ni = f and n 3 = V12, Eq. 4.29 gives Ref = 0.305, which agrees well with the
approximately constant reflectivity plotted for the single layer of rollups in Fig. 4-4
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and Fig. 4-5. For the 20 pum thick layer of nanoscrolls (broken line), the reflectivity
spectrum has much more character. For wavelengths smaller than the film thickness,
the reflectivity oscillates according to the interference effects between reflections from
the upper and lower surfaces of the film. The reflectivity changes abruptly around the
resonance frequency of the rollups since peff exhibits a sharp peak where it changes
from negative to positive. For long wavelengths, the reflectivity approaches the con-
stant value Ref = 0.305 since the film of rollups once again becomes small with
respect to the wavelength of the incident radiation
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Chapter 5
Conclusions and Future Work
The modeling and fabrication of the rollup structures examined in this study were
discussed in Chapters 2 - 4. Some of the most important results are highlighted here.
Also, suggested work for future studies is presented, including an application not
related to LHMs.
5.1 Mechanical Modeling Results
The mechanical modeling for this study served three basic purposes. First, it helped
to provide insight to the behavior of the rollups as a guide for materials selection and
mask design. Second, it provided a technique for optimizing the film thicknesses of
the system so that fewer fabrications would have to be performed. Third, it provided
quantitative means for relating the residual stresses of the films (hard to characterize)
to the rollup diameter of the resulting structures (easy to measure). Further discussion
of these objectives is included below.
5.1.1 Insight to Rollup Behavior
From the mechanical modeling, it was evident that the most important property of the
deposited films was their residual stresses from fabrication. Since the total residual
strain is defined as Etot = cm - Ei, one can see that the strain in the metal should be
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highly tensile and that of the insulator should be highly compressive. Unfortunately,
the primary deposition technique used in this study (e-beam evaporation) typically
will only give films with tensile stresses. In this case, the total strain is maximized
when the stress in the metal is large and that of the insulator is as small as possible.
As seen from Eq. 2.39, the rollup diameter of an optimized two-layer system
depends only on the total thickness and total strain of the system. To achieve rollup
diameters under 10 pm for a system 75 nm thick, the total residual strain must be
larger than 1.0%. For a typical Young's modulus of 100 GPa, this implies a residual
stress of 1.0 GPa. Since a rollup diameter ten times smaller (1 Arm) was targeted,
strains and stresses ten times as large (10% and 10 GPa, respectively) were desired.
These requirements proved to be non-trivial. The two metals considered in this study
that came closest to this value were nickel and chrome, both with estimated residual
strains of about 5.5% (see Table 3.1).
In addition to large residual strains, the constituent materials of an n-layer system
should have similar Young's moduli to achieve minimum rollup diameter. To under-
stand this, consider an optimized two-layer system for which the thicknesses must
obey,
(5.1)
tj Em
If the metal is much stiffer (higher Young's modulus) than the insulator, the thickness
of the metal will be much less than that of the insulator. However, the minimum
thickness obtainable for achieving a continuous film of a given material is limited by
the fabrication process used to deposit the film. A very stiff metal will thus force
the thickness of the insulator to be relatively large since the metal thickness cannot
be reduced below the minimum allowable thickness. This makes the total thickness
large, which in turn tends to make the rollup diameter larger. As a general rule,
materials of similar Young's moduli will be the best candidates for making small
diameter rollup structures.
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5.1.2 Film Thickness Optimization
For an n-layer system with specified total thickness, n - 2 of the thicknesses must
be specified and the remaining two can be optimized according to the results of
mechanical modeling. In particular, the Matlab code in Appendix BI can be used for
this purpose. Specifying all but two of the thicknesses plus the total thickness leaves
only one free parameter. This is necessary since one of the materials will necessarily
have the highest intrinsic strain and another will have the lowest. Multidimensional
optimization would simply set the thicknesses of the other layers to zero, reducing
the n-layer system to a two-layer system. For this reason, a system with more than
two layers will never achieve the minimum diameter theoretically obtainable by a
system of the two "choice materials" from that system. The reason for the addition
of the other layers must be for concerns other than diameter minimization, such as
film adhesion.
Having a code for calculating the minimum diameter benefited fabrication since
it eliminated the task of searching for the combination of thicknesses that would
give the smallest rollup diameter. For n-layer systems, the code can also be used
to determine the sensitivity of the rollup diameter to the thicknesses of the non-
optimized layers (e.g., adhesion layers) by iteration. This was useful for balancing
opposing requirements on the thicknesses of non-optimized layers.
5.1.3 Gage for Residual Stresses
One common technique for measuring the residual stress of a film is to measure the
change in the radius of curvature (or "bow") of the wafer due to a deposited film.
The residual stress can then be calculated from the so-called Stoney equation, given
in [34] as,
0- =(r - - - (5.2)d!1- v,) rbd rad
where E. = Young's modulus of the substrate, d. = substrate thickness, V, = Poisson's
ratio of the substrate, df = film thickness, rbd= radius of curvature before deposition,
and ra = radius of curvature after deposition. For very thin films such as the ones
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deposited in this study, however, the substrate will not experience a measurable
deflection, even for highly stressed films. One alternative method studied by [35] was
to micromachine submicron thickness cantilevers using a focused ion beam (FIB).
The residual stresses are calculated from the deflection of the cantilevers according to
the same basic principle, except the cantilevers are much thinner than the substrate
and thus exhibit much greater response to the film stress.
The rollup behavior examined in this study can also be used as a gage for the
residual stress of a film. If the stress in one film is known, the stress in a second
film can be determined from Eq. 2.39 by measuring the rollup diameter of the two-
layer system, assuming the Young's moduli are known. When the Young's moduli
are unknown, several fabrications can be performed where the thickness ratio of the
layers is varied until the minimum rollup diameter is determined, at which point Eq.
2.39 can be applied. If no film of known stress is available, only differences between
the stresses of the films can be determined.
5.2 Fabrication Results
Many of the targeted fabrication results for this study were achieved. Two successful
processes were developed for producing consistent uniform rollup structures, most of-
ten nanoscrolls. Rollups with diameter on the order of 1 pm were fabricated. Aligned
rollups that remained attached to the substrate were fabricated. Finally, as an ex-
tended investigation, foldup structures were fabricated. Further details are given
below.
5.2.1 Two Successful Processes
Rollup structures were successfully fabricated through two different processes - the
wet-etching process and the liftoff process. These were described in detail in Chapter
3 and are illustrated in Fig. 3-2 and Fig. 3-3. The basic difference between them is
that the wet-etching process requires deposition of a sacrificial layer in addition to the
device layers, which is then dissolved by wet-etching after liftoff is performed. The
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wet-etching process produced the smallest diameter structures in this study, but the
liftoff process is easier in terms of fabrication since fewer steps are involved and no
caustic acids are required. Also, the liftoff process was more successful in achieving
aligned structures that remained attached to the substrate through a timed release.
5.2.2 Small Rollup Structures
The smallest rollup structures produced were nanoscrolls fabricated by the wet-
etching process with Mask 2 using copper as the sacrificial layer and nitric acid as the
etchant. The systems SiO 2 (40)-Ni(30) and SiO 2 (35)-Cr(22) produced structures with
a rollup diameter of 2 /tm, and the system SiO 2(32)-Cr(3)-Au(15)-Cr(23) produced
structures with rollup diameter closer to 3 pm. The latter system may be the most
desirable since it contains a significant thickness of high conductivity mateial (i.e.,
15nm of gold) that is resistant to oxidation. The 3nm of chrome serves as a minimal
thickness adhesion layer between the silicon dioxide and the gold. In addition to high
conductivity, the gold layer tends to make the rollups more resistant to breakage so
that fewer defective nanoscrolls are produced.
5.2.3 Aligned Rollup Structures
Two techniques were attempted for achieving aligned rollup structures. These are (1)
timed release of the features from the substrate and (2) using a two-mask process to
produce anchored rollups. Timed release was not very successful with the wet-etching
process because the features tended to separate from the substrate at different times
in different locations for unknown reasons. For the liftoff process, timed release was
much more successful with the proper care and technique, particularly for the system
SiO 2(32)-Cr(5)-Au(12)-Cr(24).
The fabrication of anchored rollups by a two-mask process was attempted for two
different sets of masks - the Mask 7 Process and the Mask 8 Process, as described in
Chapter 3. Both processes use separate masks to pattern the sacrificial layer and the
device layers in attempt to anchor certain regions of the device layers directly onto
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the substrate. The Mask 7 Process was judged to fail by design as the narrow strips
that connect the rectangular features to the substrate tear off during wet-etching since
they are very weak. The Mask 8 Process also failed by complete release of the features
from the substrate. This is explained as a consequence of poor adhesion between the
silicon dioxide and the silicon substrate, however, so that an adhesion layer of chrome
initially deposited on the substrate could be the solution. This possibility was not
explored due to time constraints.
5.2.4 Foldup Structures
While investigating rollup behavior, a phenomenon was observed where protrusions
with aspect ratio between 1 and 2 become stiff due to rollups that form along their
length, and subsequently fold-up along a perpendicular axis. This result inspired
the design of symmetric 3-arm, 4-arm, and 6-arm features for Mask 9 as shown in
Appendix A9. These were intended to form pyramid structures as the arms rolled
up to form triangles and then folded up to meet at a point above the center of the
central region. The fabrication results consisted of interesting origami-like features
that are different from what was intended but similar in form. (In exactly one case, a
pyramid formed from a six-arm feature was observed.) An application for the foldup
structures was not identified.
5.3 Electrical Modeling Results
The electrical modeling served as a guide for both the fabrication and the anticipated
electrical testing of the rollup structures. The desired interaction for these structures
is with radiation in the far-infrared range (10 - 200 pm in wavelength). This interac-
tion must be strong enough to make the effective magnetic permeability negative, so
the resistivity of the metal must be low (to minimize damping) and the number den-
sity of the structures on the substrate must be large. Some of the additional results
of Chapter 4 are discussed below.
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5.3.1 Models for Effective Magnetic Permeability
Two models for estimating the effective magnetic permeability of the structures were
discussed in Chapter 4 - the Swiss Roll Model and the Linear Potential Model. These
two models give qualitatively similar results, but the Swiss Roll Model predicts higher
resonant frequencies and stronger resonances. In fact, the Linear Potential Model
indicates that structures left attached to the substrate (with typical number density
of 6%) will not have sufficient response to achieve Ieff < 0. In both models, 20 Pim
thick films with number density of 60% are predicted to have measurable effects on
bteff, whereas single layer films of rollups are predicted to have small or negligible
effects on Ieff
5.3.2 Coupling Capacitance
The results of the models discussed above are expected to apply to both single rollup
structures and nanoscrolls. This assumes that the capacitive coupling between the
rolls in a nanoscroll is small so that the effect on the resonance magnitude and fre-
quency is negligible. To verify this assumption, the system was modeled as an LC
circuit and the capacitance was calculated numerically by equating the energy of a ca-
pacitor to that of an electric field. The results indicate that the coupling capacitance
is about 1/7 the capacitance of a single rollup and the corrected resonant frequency
is reduced by about 15%. Based on these results, neglecting the capacitive coupling
seems reasonable.
5.3.3 Reflectivity of Effective Medium
The reflectivity was calculated by assuming H-polarized light normally incident on
a medium with uniaxial anisotropic permeability. Under these assumptions, the re-
sults of [32] could be applied for the dispersion relation and the Fresnel coefficients.
The resulting reflectivity versus wavelength curve shows oscillations for small wave-
lengths (high frequencies) with a sudden drop at the resonant frequency (as shown in
Fig. 4-5). Experimental replication of such a reflectivity spectrum would be a good
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verification that peff < 0 for the sample.
5.4 Future Work
Suggested future work includes variations of the fabrication processes developed, per-
forming a reflectivity measurement on a sample of sufficient number density, and
testing a related system for an alternate application.
5.4.1 Fabrication Studies
All of the fabrication results presented for this study were for films deposited by e-
beam evaporation. Many other possibilities exist, such as sputtering, PECVD, CVD,
and thermal growth. The key to producing small diameter structures is to find a
process with good thickness control and films that have a large disparity in their
residual stresses. Also, the proper etching chemistries must be determined so the
films can be patterned and the sacrificial layer can be removed without etching the
device layers. One such process that was not implemented in this study due to time
constraints is illustrated in Fig. 5-1 and described as follows.
(1) Silicon dioxide is thermally grown on a silicon substrate, then stoichiomet-
ric silicon nitride (with maximum compressive stress) is grown on the oxide. (2)
Nickel and silicon dioxide are deposited on the silicon nitride by e-beam evaporation.
(3) Positive photoresist is deposited on the silicon dioxide and photolithography is
performed with Mask 2 (or a similar mask). (4) The pattern in the photoresist is
transferred to the silicon dioxide by wet etching with BOE (buffered oxide etch) and
the photoresist is removed by dissolving in acetone. (5) The pattern is transferred
to the nickel and silicon nitride layers by etching in hot phosphoric acid at 160 'C.
(6) Finally, the features are released to form rollups as the silicon dioxide is etched
in BOE.
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Figure 5-1: Suggested fabrication process for future studies where silicon dioxide is
used as the sacrificial layer and silicon nitride and nickel are used as the device layers.
Some processing steps are combined for brevity.
5.4.2 Reflectivity Measurement
The effective magnetic permeability of a film at infrared frequencies (~ 1013 Hz) can
be difficult to measure. The technique suggested here is to measure the reflectivity
spectrum of a sample for the frequency range of interest. Theoretical predictions
indicate that the reflected spectrum will have significant characteristic trends when
the effective magnetic permeability has sharp negative peaks (see Fig. 4-4 and Fig.
4-5). If these trends are observed in the reflectivity spectrum, it will be a good
indication that the structures are behaving as intended and the film has prff < 0 for
a narrow frequency band. The next step for developing a LHM would be to combine
these structures with a material of negative dielectric constant and measure the index
of refraction as a function of radiation frequency.
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5.4.3 Alternate Application
An alternate application devised for the rollup structures is a narrow bandwidth
switchable polarizer. The objective for the device is to shift the polarization of linearly
polarized incident radiation in proportion to an externally supplied current. Note that
the polarizer will only effect radiation of a narrow frequency band, corresponding to
the resonant frequency of the rollup structures. If the radiation exiting this device is
then passed through a polarizer that would block all of the light when no current is
flowing, a radiation signal will be obtained where the strength of the signal is entirely
dependent on that of the externally supplied current. Thus, the switchable polarizer
could serve to convert an electrical signal to a radiation signal of narrow frequency
band.
The function of the switchable polarizer is illustrated in Fig. 5-2. Linearly polar-
ized radiation is incident on the device from the right with B-field oriented vertically.
The device consists of hundreds of parallel "strings" of nanoscrolls electrically at-
tached by small connecting strips like the one shown in the figure. Externally supplied
current is passed through the thin strips connecting the rollups. The B-field from the
incident radiation induces a voltage transverse to the externally applied current due
to the Hall effect, which leads to a transverse induced current. As this current travels
around the rollup structures, it produces an induced magnetic field along the axis of
the rollups that will add with the B-field of the incident radiation. This will give the
B-field a horizontal component so that the polarization of the exiting radiation will
be elliptical rather than linear.
A simple analysis can be used to quantify the effect of the switchable polarizer.
The Hall voltage is given by [Benson],
VH = lext Bext (5.3)
net
where Iext = externally applied current, Bext = externally applied B-field from inci-
dent radiation, n = number density of electrons in metal, e = charge of an electron,
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Figure 5-2: Pictorial representation of a potential application for the rollup structures
as a switchable polarizer.
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t = thickness of metal. The induced current is calculated from Ohm's law,
Ind =VH (5.4)RI
where R' is the resistance encountered by the current and can be expressed as,
/IpL p-2NrDR' (5.5)A tl
where p = resistivity of the metal, L = length of metal traveled by current, A = area
of metal perpendicular to current flow, D = rollup diameter, 1 = length of rollup
along axis. Finally, the total induced magnetic field in the two parallel rollups can
be expressed as,
Bind= 2 (5.6)
1
Combining these expressions, one obtains the following expression for the ratio of the
induced magnetic field to the external magnetic field,
Bind 
_ pO'eet (5.7)
Bext -rDnep
Assuming the following values, Iext = 2A, D = 1.Opm, n = 8.5 x 102 8 m-3, and
p = 2pQ-cm, the B-field ratio is found to be 0.3%. The calculated effect is small,
but the resonance behavior of the rollup structure may tend to amplify the effect to
give a more significant shift in the polarization.
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Appendix A
Calculation
A.1 Optimization of Rollup Diameter for Two-Layer
System by Energy Minimization
The minimum rollup diameter of the two-layer system shown in Fig. 2-5 will be
calculated by energy minimization. In Section 2.3.3, the same expression for the
radius of curvature was obtained by analyzing the mechanics of the system. After
this expression is obtained, minimization with respect to the film thicknesses and
the ratio of their Young's moduli (as before) reproduces the same expression for the
minimum rollup diameter (Eq. 2.39).
The following relations from Section 2.3.2 are assumed here:
Cy = 0
o-X = EpEx (A.1)
where e, cy = components of strain, Ep = elastic plate modulus (as defined in Chapter
2), o, = x-component of the normal stress. The energy density for a plate in a state
of plane stress is given by,
E 2
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where v = Poisson's ratio, G = shear modulus, and -y, = in-plane shear stress.
For this problem, the fabrication stresses are assumed to be uniform in the in-plane
direction so that the in-plane shear stress is zero -y, = 0. The total energy (W) is
obtained from an integration of Eq. A.2 over the volume of the plate (V),
W = j f dV (A.3)
which can be reduced to an integration over the thickness of the plate since the strain
only varies in this direction. This total energy is broken into two parts since the
system considered here is comprised of two different materials:
W = I W+W2
-d+ti 1
W 1 = Aj p dz (A.4)W, 2
-d+ti+tm E
W2 =A dt mdz
where A is the in-plane area of the plate (normal to the thickness) and the limits of
integration are defined implicitly in Fig. 2-7.
The strains for the insulator and the metal must be expressed in terms of the
vertical distance from the neutral axis (z). Here, we want to include the built-in
strains from fabrication (Em and ci) as well as the strains that result from bending
(-z/p, as given in Eq. 2.6). The total x-component of the strains in the insulator
and metal, respectively, are therefore given by,
z
Exi -+Cp
eZm (A.5)
p
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Substituting these expressions into Eq. A.4 we obtain,
W I=AE'p
6
1 
-d+ti +tm
W2= -AE,- p6 p
(-d+ti
- P (A.6)
Solving &W/&p = 0 gives an expression for the minimum value of p (too lengthy to
reproduce here). This can be simplified by substituting in the following expressions
for the dimensionless variables, etot, and ttot, all defined in Section 2.3.3,
E 2 Epm
E1  Ep2
d
a - - - 1
ti
tm
ti
ci = - E tot1 +1 7
1
EM = E tot
1 +77
ttot = ti(1 + r/)
(A.7)
(A.8)
(A.9)
(A.10)
(A.11)
(A.12)
After making these substitutions in the expression for the radius of curvature, Eq.
2.31 is reproduced exactly,
2ttot(1 + yq)
EtEt 0 yrj(77 + 1)2
Ij(1 + 7/3) + a(1 _ Yr12) + a 2 (1 + 117)13
This expression must be minimized with respect to a, 71 and -y. The subsequent steps
leading to Eq. 2.39 are identical to those in Chapter 2 and are omitted here. The
final expression for the rollup diameter is,
4 tt0 t
3 Etot
(A. 14)
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+ t
[\ P
3
(A.13)
p )
- 3m
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Appendix B
Matlab Programs
B.1 n-Layer Rollup Diameter
%Plot rollup diameter for a n-layer system, where n is 2, 3, or 4
% *Note that given values are for wet-etching process
% *For liftoff process, scale final results up by ~ factor of 3
%INITIALIZATION
clear all
close all 10
%REFERENCE DATA
% Consists of ordered pairs of elastic modulus and residual stress,
% All values are given in GPa
% Note that the elastic moduli were compiled from various sources
% Also, residual stresses are only educated guesses in many cases
76 1.3];
80 0.7];
[117 1.0];
[ 69 0.6];
[324 6.0];
[411 9.0];
[200 11.0];
%silver
%gold
%copper
%aluminum
%molybdenum
%tungsten
%nickel
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ag=
au=
CU=
mo=
w=
ni=
20
[168 5.0];
[248 14.0];
[115 2.0];
[200 1.8];
[ 72 0.2];
nu=0.3;
%platinum
%chrome
%titanium
%silicon
%silicon dioxide
%Poisson's ratio, assumed const.
%INPUT PARAMETERS
% Note: To exclude layer from calculation enter 0 for its thickness
ttot=70; %Total thickness of the system in nm 40
30
unknown= [1 4];
uk-tmin=O;
uk-tmax=60;
uk-numt=101;
E1=sio2(1);
Sl=sio2(2);
t1=0;
E2=cr(1);
S2=cr(2);
t2=3;
E3=au(1);
S3=au(2);
t3=15;
E4=cr(1);
S4=cr(2);
t4=O;
%Identifies the 2 unknown thickness layers (UT Ls);
% 1st layer is treated as x, 2nd layer as ttot-x
%Minimum thickness of range for UTL in nm
%Maximum thickness of range for UTL in nm
%No. thicknesses evaluated over UTL range
%Elastic modulus of first layer in GPa
%Residual stress of first layer in GPa
%Thickness of first layer in nm,
%Elastic modulus of second layer in GPa
%Residual stress of second layer in GPa
%Thickness of second layer in nm
%Elastic modulus of third layer in GPa
%Residual stress of third layer in GPa
%Thickness of third layer in nm
%Elastic modulus of fourth layer in GPa
%Residual stress of fourth layer in GPa
%Thickness of fourth layer in nm
%VARIABLE ASSIGNMENT
x=1inspace(uk-tmin, uktmax, uk-numt); %Thicknesses for UTL
tval=[tl t2 t3 t4];
tval (unknown (2)) =0;
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pt=
cr=
ti=
Si=
sio2=
50
60
70
E=[E1 E2 E3 E4]; %Elastic moduli for 4 films
S=meshgrid([S S2 S3 S4], zeros(1,uk-numt)); %Reszdual stresses for 4 films
t=meshgrid(tval, zeros(1,uknumt)); %Film thicknesses for 4 films
t(:,unknown(1))=x' ; %Assign x to column in t for UTL
t(:,unknown(2)) =ttot-sum(t')'; %Assign ttot-x to column in t for 2nd UTL
g=meshgrid(E. /E (unknown(1)),zeros(1,uknumt));
%Elastic moduli ratios for transformed section
% This accounts for non-uniform elastic modulus 80
%CALCULATE NEUTRAL AXIS LOCATION
% Origin is assumed to be at bottom center of first (lowest) film
% Positive y is measured upward
% Unit width w is assumed since rollup diameter is indep. of width
Atot=sum((t.*g)' ) '; %Total area of transformed section
y1=t(:,1)/2; %(y-coord of) centroid of film 1 90
y2=y1+t(:,1)/2+t(:,2)/2; %centroid of film 2
y3=y2+t(:,2)/2+t(:,3)/2; %centroid of film 3
y4=y3+t(:,3)/2+t(:,4)/2; %centroid of film 4
y=[yl y2 y3 y4];
yna=meshgrid(sum((t.*y.*g) )'./Atot, zeros(1,4))' ; %centroid of system
d=y-yna; %Distance from film centroid to system centroid
%CALCULATE MOMENT OF INERTIA, BENDING MOMENT, & ROLLUP DIAMETE}
I=sum((1/12*g.*t.^3+g.*t.*d.^2)')'; %Moment of inertia in nm^3
M=sum((S./(1-nu^2).*t.*d)')'; %Bending moment in N*n*le-9
Ep=E(unknown(1))/(1-nu^2); %Plate elastic modulus for UTL
diam=2*Ep.*I./M/1000; %Rollup diameter in microns
%PLOT ROLLUP DIAMETER VERSUS UNKNOWN THICKNESS
110
figure(1);
plot (x,diam,t (:,unknown(2)),diam,'-
title(['Rollup Diameter vs. Layer Thickness']);
xlabel(['Layer Thickness (nm) ']);
ylabel(['Rollup Diameter (microns) ']);
grid on;
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Lstr1=['Versus Layer ', num2str(unknown(1)),' Thickness'];
Lstr2=['Versus Layer ', num2str(unknown(2)),' Thickness'];
legend(Lstr I,Lstr2);
axis( [10,50,0,6]); 120
B.2 Swiss Roll Model for peff
%Calculate effective magnetic permeability of rollup
%Use linear potential model developed for this study
%Materials system is typical metal on silicon dioxide
%Also calculates reflectivity of film of rollups
%* **** *** ** *** *** *** *** ****** ** ***** ** * *** *** * *** *** *** ***** ***
%INITIALIZE
clear all
close all 10
%DEFINE PHYSICAL AND MATERIALS CONSTANTS
uO=1.257e-6;
c0=3e8;
e0=8.85e-12;
eb=1.602e-19;
ksio2=4; %dielectric constant of silicon dioxide 20
ksi=12; %dielectric constant of silicon
ropt=10e-8; %resistivity for platinum in ohm-m
%INUT 2 SETS OF ROLLUP PARAMETERS & WAVELENGTH RANGE
fval[.06 .6]; %number density of rollups
aval=[32 32]*le-9; %insulation thickness in m
Nval=[1.5 1.5]; %number of turns in rollup
Rval=[1/2 1/2]*1e-6; %radii of rollup in m 30
rolls-in-d2=[1 20]; %number of rollup diameters in thickness of film
d2va1=ro11s-in-d2.*2.*Rva; %thickness of film in m
1min=1; %minimum lambda (wavelength) in microns
Imax=200; %maximum lambda (wavelength) in microns
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%DEFINE INDEPENDENT VARIABLES
lambda=linspace (lmin,lmax,500); %wavelength in microns 40
w=cO.*2. *pi./ (lambda.* le-6); %angular frequency in rad/s
%CALCULATE EFFECTIVE MAGNETIC PERMEABILITY UEFF
f-fval(l); a-aval(l); N=Nyal(l); R=Ryal(1);
s=ropt/(2*pi*R); %resistivity per circumference for Pt
Cap=ksio2*eO/a/(N-1); %capacitance between ends of rollup
w02=(l./2./pi.^2./R.^3./uO./Cap./(N-1).^2); 50
wO=sqrt(w02) %resonant frequency
wmp=sqrt(a.*c0.^2./((1-f).*2.*pi.^2.*R.^3.*(N-1))) %plasma freq.
den=1+2.*s.*i./w./R./uO./(N-1)-wO2./w.^2;
ueff1=1-f./den; %effective magnetic permeability
urI=real(ueffl);
uil=imag(ueffl);
f=fval(2); a-aval(2); N=Nval(2); R=Rval(2);
s=10e-8/(2*pi*R); %resistivity per circumference for Pt
Cap=ksio2*eO/a/(N-1); %capacitance between ends of rollup 60
w02=(l./2./pi.^2./R.-3./uO./Cap./(N-1).^2);
wO=sqrt(wO2) %resonant frequency
wmp=sqrt(a.*cO.^2./((1-f).*2.*pi.^2.*R.^3.*(N-1))) %plasma freq.
den= 1+2. *s. *i. /w./R./O. / (N- 1) -w02./w.^-2;-
ueff2=1-f./den; %effective magnetic permeability
ur2=real(ueff2);
ui2=imag(ueff2);
%_-- - - - - - - - - - - - _ _- 0
%CALCULATE REFLECTIVITY R
%Assume normal incidence into thin film of rollups
%Assume H-field aligned to rollup axis
%Also, assume adjacent media have properties of vacuum
ueff=ueffl*uO; %give dimensionless ueffl units of uO
d2=d2val(1); %thickness of medium 2 (film of rollups)
kzl=w/cO; %wave vector in medium 1 (vacuum)
kz2=w.*sqrt(eO*ueff); %wave vector in medium 2 (film of rollups)
kz3=w/cO*sqrt(ksi); %wave vector in medium 3 (silicon) 80
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r12=(kzl-kz2)./(kzl+kz2); %Fresnel coeff.
r23=(kz2-kz3)./(kz2+kz3); %Fresnel coeff.
r= (r12+r23.*exp(i*2*kz2*d2))./(1+r12.*r23.*exp(i*2*kz2*d2));
Refl=abs(r).-2; %reflectivity assuming normal incidence
ueff=ueff2*uO; %give dimensionless ueff2 units of uO
d2=d2val(2); %thickness of medium 2 (film of rollups)
kzl=w/cO; %wave vector in medium 1 (vacuum)
kz2=w.*sqrt(eO*ueff); %wave vector in medium 2 (film of rollups)
kz3=w/cO*sqrt(ksi); %wave vector in medium 3 (silicon) 90
r12=(kzl-kz2)./(kzl+kz2); %Fresnel coeff.
r23=(kz2-kz3)./(kz2+kz3); %Fresnel coeff.
r=(r12+r23.*exp(i*2*kz2*d2))./(1+r12.*r23.*exp(i*2*kz2*d2));
Ref2=abs(r).^2; %reflectivity assuming normal incidence
%OUTPUT PLOT OF UEFF & REFLECTIVITY VS. LAMBDA
figure(1); 100
subplot(3,1,1), plot(lambda,ur1,lambda,ur2, '-. ')
tstr=['D=',num2str(Rval(1)*2e6,3),' um and N=',num2str(Nval(1))];
title(['Re(ueff/uO) vs. Wavelength in microns for ',tstr])
axis( [0,lmax, -3,1])
subplot(3,1,2), plot (lambda,uil,lambda,ui2, '-. ')
title([' Im(uef f /uO) vs. Wavelength in microns f or ',tstr])
axis( [0,lmax,0, 1])
subplot(3,1,3), plot (lambda,Refl,lambda,Ref2, '-.')
title(['Reflectivity vs. Wavelength in microns for ',tstr])
axis( [0,lmax,0, 1]) 110
Istr1=[' f=' ,num2str(fval(1)), ', d2=' ,num2str(d2val(1)*1e6),' um'];
1str2=['f=',num2str(fval(2)),' , d2=',num2str(d2val(2)*1e6),' um'];
legend(lstr1,lstr2);
B.3 Linear Potential Model for peff
%Calculate effective magnetic permeability of rollup
%Use linear potential model developed for this study
%Materials system is typical metal on silicon dioxide
%Media from top down: I =vacuum, 2=rollups, 3=silicon
%Also calculates reflectivity of film of rollups
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%INITIA LIZE
clear all 10
%close all
%DEFINE PHYSICAL AND MATERIALS CONSTANTS
uO=1.257e-6;
c0=3e8;
e0=8.85e-12;
eb=1.602e-19; 20
hbar=1.054e-34;
d=30e-9; %skin depth of metal
wp=9.5*eb/hbar; %plasma freq of metal
g=.05*eb/hbar; %gamma of metal (resistive losses)
ksio2=4; %dielectric constant of silicon dioxide
ksi=12; %dielectric constant of silicon
%INPUT 2 SETS OF ROLLUP PARAMETERS & WAVELENGTH RANGE 3o
fval=[.06 .6]; %number density of rollups
aval=[32 32]*le-9; %insulation thickness in m
Nval=[1.5 1.5]; %number of turns in rollup
Rval=[1/2 1/2]*le-6; %radii of rollup in m
rolls-in-d2=[1 20]; %number of rollup diameters in thickness of film
d2val=rolls-in-d2.*2.*Rval; %thickness of film in m
Imin=1; %minimum lambda (wavelength) in microns
1max=200; %rrmaximum lambda (wavelength) in microns
40
%DEFINE INDEPENDENT VARIABLES
lambda=linspace(lmin,max,5000);
wc0. *2. *pi./ (lambda.* le-6); %angular frequency in rad/s
ep=-eO.*wp.^2./w./(w+i*g); %plasma frequency in Hz
% 50
%CALCULATE EFFECTIVE MAGNETIC PERMEABILITY UEFF
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f=fval(1); a=aval(1); N=Nyal(1); R=Rval(1);
Lg=zn.*pi.*R.^2; %inductance for 1-turn of rollup * length
C=c0*ksio2/a; %capac. for 1-turn of rollup / area
Cp=C.*2.*pi.*R; %capac. for 1-turn of rollup / length
ueffl=1-f.*(1./(1-1./2./(N-1)./w.^2./Cp./Lg.*(Cp.*2.*pi.*R./2./d./ep+1)));
ur1=real(ueff1);
ui1=imag(ueff1);
60
f:fval(2); a=aval(2); N=Nval(2); R=Rval(2);
Lg=uO.*pi.*R.^2; %inductance for 1-turn of rollup * length
C=eO*ksio2/a; %capac. for 1-turn of rollup / area
Cp=C.*2.*pi.*R; %capac. for 1-turn of rollup / length
ueff2=1-f.*(1./(1-1./2./(N-1)./w.^2./Cp./Lg.*(Cp.*2.*pi.*R./2./d./ep+1)));
ur2 =real(ueff2);
ui2=imag(ueff2);
%---- -70
%CALCULATE REFLECTIVITY R
%Assume normal incidence into thin film of rollups
%Assume H-field aligned to rollup axis
%Also, assume adjacent media have properties of vacuum
ueff=ueffl*uO; %give dimensionless ueffl units of uO
d2=d2val(1); %thickness of medium 2 (film of rollups)
kz1=w/cO; %wave vector in medium 1 (vacuum)
kz2=w.*sqrt(eO*ueff); %wave vector in medium 2 (film of rollups)
kz3=w/cO*sqrt(ksi); %wave vector in medium 3 ('silicon) 80
rl2=(kzl-kz2)./(kzl+kz2); %Fresnel coeff.
r23=(kz2-kz3)./(kz2+kz3); %Fresnel coeff.
r=(r12+r23.*exp(i*2*kz2*d2))./(1+r12.*r23.*exp(i*2*kz2*d2));
Refl=abs(r).^2; %reflectivity assuming normal incidence
ueff=ueff2*uO; %give dimensionless ueff2 units of uO
d2=d2val(2); %thickness of medium 2 (film of rollups)
kz1=w/cO; %wave vector in medium 1 (vacuum)
kz2=w.*sqrt(eO*ueff); %wave vector in medium 2 (film of rollups)
kz3=w/cO*sqrt(ksi); %wave vector in medium 3 (silicon) 90
r12=(kz1-kz2)./(kz1+kz2); %Fresnel coeff.
r23=(kz2-kz3)./(kz2+kz3); %Fresnel coeff.
r=(r12+r23.*exp(i*2*kz2*d2))./(1+r12.*r23.*exp(i*2*kz2*d2));
Ref2=abs(r). 2; %reflectivity assuming normal incidence
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% T -PUT PLOT OF UEFF & REFLECTIVITY VS. LAMVYBDA
100
figure (2)
subplot(3,1,1), plot(lambda,ur1,lambda,ur2, '-.')
tstr= ['D=',num2str(Rval(1)*2e6,3),' um and N=',num2str(Nval(1))];
title(['Re(ueff/uO) vs. Wavelength in microns for ',tstr])
axis([0,lmax,-3,1])
subplot(3,1,2), plot(lambda,uil,lambdaui2, '-.')
title([' Im(uef f /uO) vs. Wavelength in microns for ',tstr])
axis( [0,lmax,0,1])
subplot(3,1,3), plot(lambda,Refl,lambda,Ref2, '-. ') 110
title(['Reflectivity vs. Wavelength in microns for ',tstr])
axis( [0,1max,0,1])
lstr1=[' f=',num2str(fval(1)),', d2=' ,num2str(d2val(1)*1e6),' um'];
str2=['f=',num2str(fval(2)),' , d2=' ,num2str(d2val(2)*1e6),' um'];
legend(str1,lstr2);
B.4 Potential Distribution for Two Parallel Iden-
tical Cylindrical Shells
%Models potential of 2 identzcal cylinders separated by a small gap
%The associated matlab program cap2.m uses the results generated here
% to determine the capacitance of the arrangement of cylinders
%**NOTE that the mesh data [p,t,e] and the solution data /u] must be
% exported from the pdetool GUI before cap2.m can be run
%Contour plots of the potential and the electric field magnitude can
% be obtained through the pdetool GUI window 10
%* ** ** *************************** ** ** ** * *** * ** *** ** ** ** ** * *** * ********
%FUNCTION DECLARATION
function pdemodel
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%INPUT CYLINDER
radius=0.5e-6;
gap=64e-9;
k=' 4.0';
side=7*radius;
%PDETOOL SETUP
[pde-fig,ax]=pdeinit;
pdetool('appl-cb',5);
PARAMETERS
%Radius of both cylinders
%Gap separating cylinders
%Dielectric constant
%Width and height of calculation domain
AND SOLUTION
set(ax, 'DataAspectRatio ',[1 0.9555555555555556 1]);
set(ax, 'PlotBoxAspectRatio 'I,[1.5697674418604648 1.0465116279069766 50]);
set(ax,'XLimMode','auto');
set(ax, 'YLimMode','auto');
set(ax,'XTickMode','auto');
set(ax, 'YTickMode ','auto');
% Geometry description:
pderect([side/2-2*radius -side/2-2*radius side/2 -side/2], 'SQ1');
pdecirc(-2*radius,0,radius, 'C1');
pdecirc(gap,0,radius, 'C2');
set (findobj(get(pde-fig, 'Children'),' Tag', 'PDEEval '), 'String',' S
40
Q1-Cl-C2')
% Boundary conditions:
pdetool(' changemode' ,0)
pdesetbd(12,...
'dir',.
1,...
'1',.
'0' )
pdesetbd(11,...
'dir' ,..
'1',...
' 01 )
pdesetbd(10,...
'dir',.
1,..
'1',.
'0O' )
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50
60
20
30
pdesetbd(9,...
'dir',.
.... 
7
pdesetbd(8,...
'dir',...
'1',...
pdesetbd(7,...
'dir',.
pdesetbd(,...
'dir',.
1. . . 80
1')
pdesetbd(5,...
1,0.
pdest.. (,..
'1')0
'0')
pdesetbd(3,...
1,129
% Mesh generation:
setuprop(pdeifig, 'Hgrad',1.3); 110
setuprop(pde-fig,' ref inemethod','regular');
pdetool(' initmesh')
pdetool('refine')
pdetool('refine')
pdetool('ref ine')
% PDE coefficients:
pdeseteq(1,. ..
'0.0 ',... 120
'01 ,. ..
'1.0 ',.. .
'0: 10',.. .
'0.0 ',.. .
'0.0' . .
' [0 1001')
setuprop(pde-fig, 'currparam',...
[k ;-1...
'0 '))
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% Solve parameters:
setuprop(pde-fig, ' solveparain',...
str2mat('0','40896 ','10 ',' pdeadworst ',. ..
'0.5',' longest','0','1E-4',' ','f ixed','Inf'))
% Plotflags and user data strings:
setuprop(pde-fig,'plotflags',[1 1 1 1 1 1 7 0 0 0 0 1 1 0 0 0 0 1]);
setuprop(pde-fig,' colstring', ' ');
setuprop(pde-fig, 'arrowstring', ' ');
setuprop(pde-fig,' def ormstring',' ' ); 140
setuprop(pde-fig, 'heightstring ',' ');
% Solve PDE:
pdetool('solve')
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B.5 Capacitance for Two Parallel Identical Cylin-
drical Shells
%Calculates capacitance per unit length in nanoscroll from output
% generated through pdetool using capl.m
%**NOTE that mesh data [p,t,ej and solution data ful must be exported
% from GUI in pdetool before running this program
% **erweterwerrssertereresse 2 i*** s **rog** ram**** ****  * *********
%DEFINE CONSTANTS
10
k=4; %Dielectric constant
eO=8.854e-12; %Permittivity of free space
%CALCULATE CAPACITANCE FROM ENERGY EQUALITY
[AR,A1,A2,A3]=pdetrg(p,t); %Calculate areas of triangles in mesh AR
[gradUx,gradUy]=PDEGRAD(p,t,u); %Calculate gradients of electric potential
Ex=-gradUx ; %x-comp of electric field 20
Ey=-gradUy; %y-comp of electric field
E2=Ex.^2+Ey.^2; %Magnitude of electric field squared
temp=k*e0*E2.*AR; %Contributions of mesh elements to capac.
Cstar=sum(temp) %Capac. of structure per unit length
131
132
Appendix C
Photolithography Masks
C.1 Photolithography Mask 1
NOTE: Shown here is a representative portion of the features in Mask 1. The unit
cell is defined by the broken lines and measures 456 ym tall by 464 pm wide. Also
included in Mask 1 are similar features scaled up by a factor of two (double-scale
features). This mask was used to study the rollup behavior of films deposited with
intrinsic fabrication stress. The desired features are dark since this mask was designed
for use with the wet-etching process. For more detailed discussion, refer to Section
3.2. All dimensions are given in microns.
133
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C.2 Photolithography Mask 2
NOTE: Shown here is the unit cell of Mask 2. This mask is essentially an array of
dark rectangles designed for producing rollup structures with the wet-etching process.
It was used to fabricate some of the first rollups in this study. For more detailed
discussion, refer to Section 3.3. All dimensions are given in microns.
25 25 25 150
100
25
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C.3 Photolithography Mask 3
NOTE: Shown here is the unit cell of Mask 3. This mask is essentially an array of
transparent rectangles designed to produce rollup structures for use with the liftoff
process. For more detailed discussion, refer to Section 3.3. All dimensions are given
in microns.
25
100
25 25
136
C.4 Photolithography Mask 4
NOTE: Shown here is the unit cell of Mask 4. It differs from Mask 3 only in its
dimensions. For more detailed discussion, refer to Section 3.3. All dimensions are
given in microns.
25
150
25 30
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C.5 Photolithography Mask 5
NOTE: Shown here is the unit cell of Mask 5. It differs from Mask 2 only in its
dimensions. For more detailed discussion, refer to Section 3.3. All dimensions are
given in microns.
75
300
75 75
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C.6 Photolithography Mask 6
NOTE: Shown here is the unit cell of Mask 6. It differs from Masks 3 & 4 only in
its dimensions. For more detailed discussion, refer to Section 3.3. All dimensions are
given in microns.
75
300
75 75
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C.7 Photolithography Masks 7a and 7b
NOTE: Shown here are the unit cells of Masks 7a & 7b. The corresponding process
is a two-mask process intended to produce anchored rollups. Mask 7a is intended for
use with the liftoff process while Mask 7b is intended for use with the wet-etching
process. For more detailed discussion, refer to Section 3.4. All dimensions are given
in microns.
25 25 25
50
100
200
350
300
150 75 75
(a) (b)
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C.8 Photolithography Masks 8a and 8b
NOTE: Shown here are the unit cells of Masks 8a & 8b. As with Masks 7a & 7b, the
corresponding process is a two-mask process intended to produce anchored rollups.
Mask 8a is intended for use with the liftoff process while Mask 8b is intended for use
with the wet-etching process. For more detailed discussion, refer to Section 3.4. All
dimensions are given in microns.
75
375
300
38 24 113
100 75
(a) (b)
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C.9 Photolithography Masks 9a and 9b
NOTE: Shown here are characteristic shapes comprising Mask 9a designed for fabri-
cating foldup structures. Mask 9b is just the inverse image of Mask 9a (i.e., trans-
parent features on a dark field). Mask 9a is for use with the wet etching process
while Mask 9b is for use with the liftoff process. For each of the three designs below,
seven combinations of x & y were chosen, and the feature corresponding to each pair
(x, y) was repeated approximately 500 - 600 times on the mask. For more detailed
discussion, refer to Section 3.6.
xxx
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